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ABSTRACT 


Organic chemists in the past have explored the 
area of natural product chemistry so extensively that 
general approaches for syntheses of most of the important 
groups of compounds, including steroids, terpenes and 
alkaloids, are available. In the field of antibiotics, 
total syntheses of penicillins and cephalosporins, 
and tetracyclins were already completed, and the only 
remaining major family of antibiotics which presented a 
challenge to synthetic organic chemists was the macrolides. 
These compounds consist of a medium or large lactone 
containing a complex array of ketonic and hydroxy functions 
along with glycosidically-bound deoxy sugars. 

This thesis describes the total synthesis of 
methymycin 12, the smallest macrolide and the first 
member of this family of antibiotics to be successfully 
synthesized. Our approach to this synthesis was based 
on a conformational analysis of the system, and involved 
the cyclization of the appropriately substituted 
aliphatic hydroxy thiol ester 139. This lactone precursor 
was prepared by condensing two fragments; one segment 
containing the C) through Co centres of the lactone, 
and the other consisting of the remaining Cg through C33 
portion. A successful, efficient synthesis of the former 
fragment, the racemic form of the Djerassi-Prelog 


lactonic acid 6, has been accomplished starting with 
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bicyclo[4.2.1]nona-2,4,6-triene 69, a pyrolysis product 

of the [25 + aoe dimers of norbornadiene. This lactonic 
acid is a degradation product of the macrolide antibiotics 
methymycin, neomethymycin, pikromycin and narbomycin, 

and contains all of the stereochemical features present 

in the C)-Co portion of 12. The other fragment of the 
lactone precursor, epoxy aldehyde (+)-103, was synthesized 
by conventional methods. An efficient cyclization of 

139 to give the methymycin aglycone, methynolide, with 

the aid of a mercury(II) salt, a reagent developed 
specifically for this purpose, followed by removal of a 
hydroxy~protecting silyl ether, gave gratifying yields 

of methynolide 14. 

The difficult task of glycosylation of the synthetic 
methynolide was achieved by reacting the aglycone with 
l-a-bromo-2-acetoxydesosamine .hydrobromide 154, followed 
by hydrolysis of-the 2'-acetoxy group to give a 5:1 
mixture of methymycin (f-glycoside) and epi-methymycin 
(a-glycoside) in a 25% yield based on methynolide. 

These synthetic antibiotics showed 100% and 20% 
microbiological activity, respectively, against 
Steptococcus pyrogenes group A, type 5 

During the synthesis of methymycin, it became 
necessary to convert an alcohol (or halide) into the 
corresponding hydrocarbon. A hydride-containing cuprate 


reagent, developed for this purpose, was found to readily 
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reduce halides and sulphonate esters cleanly and in 
high yields. We also required a reagent capable of 
introducing a thiol ester function in a selective 
manner, and found that primary, secondary and tertiary 
thiol esters could be formed in excellent yields by 
reaction of the corresponding thallium(I) thiolate 
with a carboxylic phosphoric anhydride (or carboxylic 


acid chloride). 
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PART I: THE MACROLIDE ANTIBIOTICS 
CHAPTER 1: INTRODUCTION 


A) STRUCTURE 


Soil microorganisms have been recognized as 
sources of novel chemical entities for many decades. 
Many of these substances have the property of inhibiting 
the growth of bacteria and/or fungi, and are known as 
antibiotics.? 

In 1950 Brockmann and Henkel reported the 
isolation of a biologically active, basic compound from 
an unidentified Streptomyces organism obtained from a 
soil sample. This new substance was named pikromycin 
on account of its bitter taste. The general chemical 
behaviour of this new compound indicated that it was 
different from any class of antibiotics known at that 
time. By 1956 Streptomyces had yielded other compounds 
(e.g. methymycin, erythromycin) whose chemical behaviour 
indicated that they were closely related to pikromycin. 
Woodward? proposed the family name "macrolide" 
for these antibiotics since it had been established 
that carbomycin (eaqnenyciny methymyein, — pikromycin? 
and erythromycin’ contained a lactone incorporated in 
a medium- or large-ring system. 

Because a large number of lactonic natural 
products have since been obtained, Woodward's original 


definition has been modified and is now used in a more 
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restricted sense. The group of substances bearing a 
close resemblance to pikromycin, which have a large 
lactone containing various ketonic and hydroxy functions 
along with glycosidically-bound deoxy sugars, are referred 
to as nonpolyene macrolides, or more simply just macrolides. 
Reference is made to several macrolides in this thesis, 
Their structures are represented collectively in Figure 1. 
The deoxy sugars found in the macrolides were the first 
distinguishing chemical feature of this class of compounds. 
These sugars, with the exception of oleandrose, / have 
not been isolated from other classes of natural products, 
and the presence of one of these sugars is often the 
first indication that a newly isolated antibiotic is 
a member of the macrolide family. Definitive structures 
for some of these sugars are shown in Figure 2. 

A second group of compounds presumably included 
in Woodward's original definition have extended conjugated 
double bond systems in addition to the features of the 
macrolides and are termed polyene macrolides. All other 
remaining compounds (e.g. nonactin, pvrenophorin, 
vermiculin) are referred to as pseudomacrolides. These 
compounds do not generally contain sugar moieties. An 
example of each of these latter two classes. of compound 


iS given in Figure l. 
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Figure 1: The Macrolide Lactones 
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Figure 1 (continued) 
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Figure 1 (continued) 
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Figure 2: The Macrolide Sugars 
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Figure 2 (continued) 
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Even with this restricted classification there 
are a great many representatives of the macrolide family. 
These are often a number of closely related compounds 
within a single group, and thus the complete list is much 
longer than indicated in Table 1. For instance, there 
are nine known leucomycins and three spiramycins. 

As antibiotics, all macrolides possess antibacterial 
activity. See of the macrolides, including oleandomycin 
and triacetoxyoleandomycin, erythromycin, leucomycin, 
spiramycin and acetoxyspiramycin complexes are used 
clinically and also as supplements in animal feeds.” 
Tylosin is used in preservation of food and also as a 
supplement in animal feeding. 

For the antibiotic activity of the macrolides, 
both the aglycone (the macrolide with the sugars removed) 
and sugar moieties are needed. Although the sugars 
are not active themselves, differences in the sugar 
moieties linked to the same aglycone cause imvortant 
differences in the properties and activity of the macrolide. 
This aspect is elaborated upon later in the section 
dealing with biological activity... Because of the 
importance of the sugars, the macrolide antibiotics 


can be classified according to their sugar components into 


x 
The polyene macrolides have little antibacterial 


activity and are mainly antifungal agents. 
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Table 1: Macrolide Antibiotics 


Name References 
Acumycin 9 
Aldgamycin C & E 10 
Amaromycin 11 
Anglolamycin (Shincomycin A) i 
Azalomycin B r3 
Bandamycin A } 14 
Bandamycin B (Chalcomycin) 
Carbomycins (Magnamycins) £i iS) 
Cirramycin A & B 16 
Erythromycins Syelhy 
Forocidins 18 
Josamycin (Leucomycin A) 19 
Kujimycins 20 
Lankamycin yal 
Leucomycins (Kitasamycins) oe 
Macrocin 23 
Maridomycin 24 
Megacidin 25 
Megalomycins 26 
Methymycin 4,27 
Miamycin 28 
Narbomycin 29 
Neomethymycin 30 
Neospiramycins 18 
Neutramycin 34 
Niddamycin 32 
Oleandomycin (Matromycin) 33 
Pikromycin 2,34 
Platonomycin Sus) 
Proactinomycins 36 
Relomycin yy! 
Rosamycin 38 
Sekazin 39 
Spiramycins Si, 20a, 200,740 
Tertimycins Lod. 41. 
Tylosin 42 
B-58941 43 
SF-837 44 


YL-704 45 
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different groups with common characteristics. For 
instance, the Methymycin Group contains methymycin, 
deoxymethymycin, neomethymycin, narbomycin, pikromycin 
and the forocidins. These macrolides all have an amino 
sugar linked to the aglycone. The macrolides of the 
Lankamycin Group (chalcomycin, neutramycin, lankamycin 
and kujimycin A) on the other hand all contain two 
non-nitrogenous sugars linked to the aglycone. 

ine structural -elucidation of the macrolide 
antibiotics has proved to be a difficult chemical 
problem. The aglycone moiety of many macrolides is 
unstable under ordinary experimental conditions. Mild 
basic conditions may cause decomposition of the aglycone 
through elimination and/or reverse aldol reactions. 
Under acidic conditions complex alterations of the lactone 
Skeleton may also occur.) “Invorder to study che macrolides 
under simpler conditions, the sugar residues(s) 
must be removed. In some cases it is possible 
(e.g. methymycin) to remove the attached sugar (desosamine) 
while leaving the aglycone intact. However, in the case 
of erythromycin A, even the mildest conditions needed 
to remove the desosamine result in extensive degradation 
of the fourteen-membered lactone eo This problem 
with erythromycin has only recently been overcome by 
preparing a more stable derivative before hydrolysing 
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The organic chemist is faced with another problem 
once the free aglycone has been obtained. Because of 
the numerous multiple branchings on the lactone ring, 
there are many asymmetric centres. For instance, in 
erythromycin A, 85% of the aglycone ring carbons are 
eharale) Torvobtain fragments of the lactone fing in such 
a way that there is no chance for epimerization of the 
asymmetric carbons contained in the fragments is a 
demanding task. Furthermore, to identify rigorously 
the one correct stereoisomer from the myriad of possible 
Ghorcesmin i stypicalemacrolide isysor chemically ditiicult 
that the chemist has had to resort to X-ray analysis 
for the full structural elucidation of several macrolides, 
except in the cases of methymycin and the erythromycins. 
X-Ray analysis was used to determine or confirm the 
structures of erythromycin re erythromycin A eanisemaee-” 


and a leucomycin demivatives 2 oo 


demycarosylisoleucomycin 
A,- In addition, A*’ °-anhydropikronolide has also been 
studied by this yasmmeme. The crystal structure: of 
a polyene macrolide, amphotericin B, has also been 
carried Benes 

The configurations of other macrolides have been 
proposed on the basis of chemical and spectroscopic 
evidence. The methods used include: (1) the correlation 


of degradation products with substances of known 


absolute stereochemistry, (2) optical rotary dispersion, 
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(3) molecular rotation differences and (4) nuclear magnetic 
resonance (nmr) spectroscopy. This latter technique has 

been especially useful for two reasons which will be 
elaborated upon later. Firstly, the aglycones of 

several macrolides have a single conformation in solution 

and thus nmr correlations can be drawn. Secondly, 

the vicinal coupling constants are either small (1-3 Hz) 

or large (9-11 Hz). As a result, conclusions may often 

be confidently reached regarding the relative stereochemistry 
of vicinal substituents. 

By using X-ray analysis and correlations obtained 
using the methods above, reliable total absolute 
configurations have been assigned for methymycin, 
Oleandomycin, pikromycin, spiramycin and the carbomycins, 
erythromycins and leucomycins. Important information 
concerning the aglycones of chalcomycin, lankamycin, 


narbomycin and neomethymycin is also available. ® 
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B)\ BIOLOGICAL ACTIVITY 


As antibiotics, the macrolides possess anti- 
bacterial activity.>> They are active mainly against 
Gram-positive bacteria and in general have a much reduced 
activity against Gram-negative organisms, as shown in 


table 2. 


Table 2: In vitro Inhibitory Concentrations 


of Different Macrolide Antibiotics (ug/ml) 


Organism: Carbo- Spira- Methy- Lanka- 
mycin mycin mycin mycin 


Gram-positive bacteria: 


Bacillus subtilis 0.36 3 730 - 
Staphylococcus aureus Owz2 a 40 100 
Streptococcus pyogenes 0.08 0.6 LOSS 100 
Streptococcus faecalis Lives a 1875 >100 
Gram-negative bacteria: 

Escherichia coli 100 Sil L375 ALOO 
Aerobacter aerogenes 100 ajuk L875 - 
Klebsiella pneumoniae 3 B33 3h 2 100 


Pseudomonas aeruginosa 60 71500 Pe75 >100 


The macrolides have very reduced or no activity 
in eucaryotic cells and thus are of low toxicity and 
are almost completely lacking in side effects. The 
mode of action of macrolide antibiotics is primarily 
bacteriostatic through inhibition of bacterial protein 
synthesis at the ERS Sone level. Little or no inhibition 
of bacterial ribonucleic acid (RNA) or deoxyribonucleic 


acid (DNA) synthesis has been observed. However, at 
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concentrations higher than the minimum inhibitory level 
definite bacteriocidal behaviour is observed. 

In order to comprehend the bacteriostatic nature 
of these ane tories: it is necessary to have a basic 
understanding of the mechanism of protein synthesis at 
the cellular level. This topic is covered in depth in 
many biology textbooks.>? However, a brief summary 
appears to be appropriate and is presented on the 
following pages. 

Proteins are formed in the ribosomes of the cell. 
These ribosomes are bodies in the cytoplasm made up 
of a special type of RNA and a number of protein chains. 
In addition, ribosomes consist of a large and a small 
subunit, the larger of which contains two sites which 
are very important in the synthesis of protein molecules. 
The actual formation of a protein molecule involves 
interaction of a ribosome with transfer RNA (t-RNA) 
and messenger RNA (m-RNA). 

To initiate the protein synthesis, a section of 
nuclear DNA, the material carrying the genetic code, 
unravels. A molecule of RNA then forms along one of 
the two strands of the DNA. The nucleotides of this 
new molecule are arranged such that they are the base 
compliments of those in the strand of DNA being copied. 
This new molecule is the m-RNA and is a template containing 
the order for the linkage of the amino acids in the protein 


about to be synthesized. The m-RNA then leaves the 
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nucleus and enters the cytoplasm where it attaches itself 
to the smaller subunit of the ribosome. 

Transfer RNA consists of a loop of RNA which 
can bind reversably to a specific amino acid with one 
section of the loop. A group of nucleosides known 
as the anticodon in another section of the t-RNA is 
able to hydrogen bond to a fixed section of the m-RNA, 
known as the codon, much like a key fits a lock. This 
binding site is determined by the base sequence of the 
nucleosides of the codon and anticodon, as well as by the 
geometry of the t-RNA and m-RNA at the junction. 

A molecule of t-RNA picks up its amino acid in 
the cytoplasm and enters Site I of the larger subunit 
of the ribosome where the linking up of the condon and 
anticondon occurs. Then a second molecule of t-RNA, 
possibly bearing a different amino acid, is attached 
to the m-RNA at Site II of preaeneaenee A peptide 
bond is then enzymatically formed between the two 
amino acids of the adjacent t-RNA groups, and the t-RNA 
in Site I is released back into the cytoplasm. This 
sequence leaves a t-RNA molecule with an attached 
peptide joined to the m-RNA in the ribosome. This 
entire complex then moves over into Site I leaving 
Site II free and ready for the initiation of another 
cycle of bonding and polymerization. Thus, by this 
stepwise process a protein is formed. This process is 


illustrated in Figure 3. 
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Figure 3: Protein Synthesis 
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All macrolides are believed to inhibit protein 
synthesis as a consequence of their interaction with 
the larger ribosome subunit. There is a controversy 
concerning the reaction(s) which might be affected by 
the macrolide antibiotics. Most of the experimental 
evidence suggests that carbomycin and spiramycin type" 
antibiotics block the peptide bond formation and possibly 
even prevent initial attachment of the t-RNA to the 
ribosome. 

Antibiotics of the erythromycin group were not 
found to be anhibitors of initial peptide bond formation 
in most experiments. However, they appear to inhibit 
further peptide bond formation once a peptidyl moiety 
of a certain length has been attained. It has also 
been suggested that erythromycin might act to stop the 
complicated step of translocation of the complex from 
Site I to Site II in the ribosome. 

In order to resolve this apparent difference in 
the modes of action of various macrolides, it has been 
suggested that there might be a common binding site in 


the ribosome for the aglycone moiety of the macrolide 


& 
The grouping of macrolides according to the sugar 
moiety linked to the aglycone ring was mentioned 


earlier. 
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antibiotic, which is not the centre where peptide 
formation occurs. The different sugars present in the 
macrolides then modify the modes of action of the indi- 
dividal Sansa, 

In support of this hypothesis are the results 
obtained with spiramycin III and its derived antibiotics 
neospiramycin III and forocidin III which have the 
same aglycone but lack one and two of its sugars, 


respectively. 


CH, 
RO CHO 
R 
O -MYCAMINOSE 
OCH, 
— OCOC,H, 
O 
CH, O 
R Re 
SpltcamyCine ll b Mycarose Forosamine 
Neospiramycin III H Forosamine 
POrOCciaGin 21st H H 


Although having the same aglycone as spiramycin III, 
neospiramycin ILI and forocidin IIi behave in their 
mode of action similarly to other antibiotics of the 
Erythromycin and Methymycin Groups, respectively. 


Incorporation of proline, lysine and phenylalanine 
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into the protein is strongly inhibited by the spiramycin. 
On the other hand, neospiramycin III and forocidin III 

are only moderate inhibitors of proline and lysine 
incorporation and have little or no effect on phenylalanine 
incorporation. Spiramycin III has also been found to 
block the donor and acceptor sides of the peptidyl 
transferase centre in certain systems, whereas the 
neospiramycin and forocidin have either no inhibitory 
effect or actually stimulate binding to some extent. 

It is therefore probable that neospiramycin III and 
forocidin III bind at the same site in the ribosome as 
Spoiramycin 20) and that 12t 1s only the extra sugar 
residues of the spiramycin which interferes with substrate 


binding at the peptidyl transferase site. 
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C) BIOGENESIS OF MACROLIDES 

The question of how macrolide antibiotics are 
synthesized at the microbiological level has received 
considerable attention. There are three areas of 
consideration: (1) the series of steps leading to the 
foOrmatcLony On the Lactone ring, (2)' the origin of the 
group of unusual deoxy and amino sugars and (3) the 
sequence of combination of these portions. These problems 


will be discussed in order in the following section. 


Biogenesis of Macrolide Lactones 

In 1907 J. N. Collie suggested that the head-to-tail 
combination of acetate units to form a poly-8-keto 
acid (e.g. 1) followed by subsequent cyclization and 
dehydration could be a biosynthetic pathway for the 
formation of aromatic natural products.” During the 


1940's and early 1950's radioisotopic labelling studies 
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showed that acetate residues are the primary building 
blocks of not only aromatic compounds (e.g. eleutherinol 2 ) 
but also of fatty acids, such as palmitic acid. By 
analogy with Collie's hypothesis, K. Cerzone: and 

Re Robinson?’ suggested that similar compounds which 
appear to contain an extra methyl group might be formed 

by the incorporation of a propionate unit in the place 

of an acetate (the Propionate Rule). 

it was not until the latter half of the 1960's 
that Collie's Polyacetate Rule was modified to give 
the fatty acid synthetic scheme>® shown in Figure 4. 

The chain lengthening reaction is repeated 
with condensation of more malonyl-coenzyme A groups 
until the final release from the enzyme surface at about 
a sixteen carbon atom compound. Occasionally, a single 
branched methyl group will be introduced along the 
sequence to give rise to acids such as 14-methylpalmitic 
acid. These isolated methyl groups have been shown 
to arise, not from substitution of a propionate unit 
for an acetate group, but instead from incorporation 
of methionine. 

The length of the carbon chain of most macrolide 
lactones falls in the range of the more abundant fatty 
acids. For example, palmitic acid contains sixteen 
carbon atoms, and erythromycin has a fifteen carbon 


atom chain. However, the lactone rings differ from the 
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Figure 4: Fatty Acid Biosynthesis 
Priming Reaction 
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common fatty acids in two respects; they contain multiple 
branching and they are highly oxygenated along the chain.” 

One hypothesis for the biosynthesis of macrolides 
was based on the similarity in chain length with fatty 
acids and theiraability to occasionally incorporate 
methyl groups along the chain as in 14-methylpalmitic 
acide) .Birch et Bile suggested that the basic carbon 
skeleton of the lactone is derived from acetate units. 

The methyl groups, originating with methionine, choline, 

Or an equivalent one-carbon donor, are then inserted 

at the active methylene positions along the chain, 

This theory was postulated before the fatty acid biosynthesis 
was modified as outlined above, and was compatible with 

the belief of the time that the fatty acids were derived 

by dehydration of a poly-f-keto acid chain. 

With the elucidation of the carbon skeleton of 
erythromycin (see Figure 1) by Wiley and coworkers, 1/8rr9 
Gerzon®? and Woodward: recognized that erythromycin 
follows perfectly the three-carbon regularity defined by 
the Propionate Rule. The theory was then advanced by 
analogy with the fatty acid biosvnthesis, that the macrolides 


Cane ber Lormed from propionyi—-coenzyme A 3 and 


methyl malonyl-coenzyme A 4 as illustrated in the following 


equation. 
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Unit 5 then condenses further with additional 
methyl malonyl-coenzyme A without loss of the carbonyl 
groups as occurs in the fatty acid synthesis outlined 
above. This pathway is then somewhat analogous to the 
mechanism proposed originally by Collie. When the 
chain has reached the appropriate length, lactone ring 
formation occurs by intramolecular esterification with 
concomitant removal of the macrolide from the enzyme 
surface. 

So far as the final products are concerned, the 
alternatives of Birch, and of Gerzon and Woodward are 
structurally equivalent. The validity of the propionate 
hypothesis was demonstrated by tracer studies of the 
methymycin biosynthesis from Streptomyces “emcee. o 
Fermentation in the presence of (methylase) methionine 
gave methymycin labelled almost exclusively in the desosamine 
residue. Sodium Una neseie 8) propionate was utilized 
as a unit with!) negligible redistribution of the isotopic 
carbon, and assay results carried out on the degradation 
products indicated that the methymycin aglycone is built 
“up trom £Live propionate units and one acetate unit. 

These two results refute the theory postulated by 
Biren. 

The propionate pathway was further confirmed by 
labelling studies done on panes It was observed 
that (eee te) propionate was incorporated into 


eer onotices: but not into the attached sugars, 
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desosamine and cladinose. The reverse was true when 
the precursor was (methy1-14¢) methionine.°> cn 
addition, propionate was incorporated into erythromycin 
to a much greater extent than was acetates 7 As in 
methymycin there was little scrambling of the propionate 
labels. Degradation studies similar to those done on 
methymycin indicated that erythronolide is derived from 


: : 65a7,c 
seven propionate units. : 


erythromycins methymycin 
neomethymycin 


The above discussion is valid for the smaller 
Macrolide antibiotics, 2.e. those with twelve= and 
fourteen-membered aglycones. Recent studies using 
carbon-13 magnetic resonance (cmr) techniques have 
established that there are slightly modified biosynthetic 
pathways for the production of larger Macrolides. For 


me 677, : : e 
instance, Leucomycin Aue andy losin, both with sixteen 


20% 


membered aglycones, have been found to incorporate 


butyrate, propionate and acetate, 


Biogenesis of Macrolide Sugars (See Figure 2) 


D-Glucose, a standard nutrient of culture media, 
has been shown to be the primary building block of the 
macrolide sugars. °® For example, when Streptomyces 
erythreus was incubated with D-glucose-1-74c, aoa 
or seed the bulk of the label was found at the 
corresponding carbon of desosamine. Based on these 
labelling studies with glucose, the series of 
oxidations, reductions and alkylations necessary to 
produce the final macrolide sugars must occur without 
Cleavage of the carbon chain of glucose. In addition, 
methionine, although not involved in the biosynthesis 
of methynolide or erythronolide, is incorporated 
efficiently into the sugars desosamine and cladinose 
as mentioned above. Degradation of the sugars obtained 
using (methy1—~-c} methionine as the precursor established 
that in desosamine all radioactivity was located in the 
dimethylamino function, whereas in cladinose the label 
was equally distributed between the O-methyl and the 
C-metny leat C3. 

In order that the necessary conversions can 
be carried out without opening of the glucose ring, and 


to account for the fact that all macrolides have the same 
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absolute configuration at their anomeric centres, 

Colmer.’ 7s proposed that D-glucose is bound to a 
nucleotide during its conversion to the macrolide 

6-deoxy sugars as illustrated in Figure 5. This idea 

of D-glucose being bound to a nucleotide during its reactions 
is precedented. ’+ For instance, the isolation of 

thymidine diphosphate-4-keto-6-deoxy-D-glucose 

fo hb bab ole) the conversion of D-glucose into L-rhamnose has 

been reported, °8¢ The nucleotide is retained in the 


intermediates until the final transfer of the deoxy 


Sugar to the macrolide lactone. 


Sequence of Combination 

It has been shown that the intact lactone ring 
of erythromycin B (Figure 1), erythronolide B, could 
be isolated from Streptomyces erythreus. /” When this 
was done, after growing the organism in the presence 
of tC labelied propionate, the erythronolide had a 
high specific, incorporation. This labeled lactone was 
reintroduced into a fresh culture and the isolated 
erythromycins were shown to be radioactive. These 
results strongly suggest that the erythromycin sugars 
are attached to the fully formed lactone rather than 
at an earlier stage in the biosynthesis. 
.73, 74 


Similarly, studies reported by M. Suzuki 


have further substantiated this combination sequence. 
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Figure 5: Biosynthesis of Macrolide Sugars 
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Evidence was presented for the initial synthesis of the 
aglycones followed by the later attachment of desosamine 


in the biosynthesis of pikromycin and narbomycin. * 


“Private communication of February 28 1976 from 
Professor D. Perlman, University of Wisconsin: 

Our synthetic methynolide, when added to the 
oleandomycin-producing streptomycete, has been 
converted into antimicrobially active material, very 


likely methymycin. 
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D) A CONFIGURATIONAL MODEL FOR MACROLIDES 


It had become apparent by the early 1960's 
that among the macrolides whose constitution had been 


defined there were extremely interesting similarities. 


The lactone rings of the erythromycinst/4/Crdrh 


mycin, *>? narbomycin, 772 methymycin* and its isomer 


30a,b 


oleando- 
neomethymycin all followed the poly-8-keto acid 
biogenetic scheme, and are made up predominantly or 
exclusively from propionate units. In addition, the 
amino sugar D-desosamine is found in each of these 
antibiotics. This sugar is known to be attached in the 


8-configuration to erythromycins onde and Bao 


GOT by 


and to oleandomycin. The aglycones of these 


three macrolides were also linked to then unknown 


2,6-deoxy sugars through a-L glycosidic Hondae et 


CH O-Mac 


In other words, the glycosidic linkages of several 


constitutionally defined macrolides have identical 


30 


nent) oR 


a i : 7a i - : 1 
ae 32 NLS 
\ a dy ox « i € ze iTS? 4 
‘a aaistscitaie ti teosan tale ye 
ra ~~ @ ly an 
apitieile 4s ¢ aN cenyvamers whe id ) Ts) yin | nS a 
a : ‘ " - ; i 
1d e 
bo 2. eT | a rn 
ries ' eo noah <i 58n "i Fa a» be 
‘ ld 4 
* a} 7 a) > | fo? ti ‘ 
] & amy ’ 
4 2 f 
¢ 7h? 
at" 
: i 
‘ watt rod 
‘ 
' f eisai 
Ss 
+ . 
j . fe 
. 7% 
“4 
i ; i 2+ ot ho 


' 
: 
P einit) 
* ~~ 
j ee .« 
A * 
= e ) oe. 4 ‘ x 
wy ¢) pes my: wird. | 
a 7 ? : ; 
ee 2 _ ’ , o J : 
é wy. jz ; 
lay ‘ 7 - 
> a : 
‘ a 
a 
e 7 


: | 
Oars i 7 iv mai eee 
Lae Le vt waa g 26. ‘ <aess ae 5) iiss & eds & 
7 : ‘ 


ay i . 
| aa : gah io 3 re bese ong ne see 


7 x 7 7 7 : In , aa 
: yy | : 1 an 


z | a yA 


s . 
7 . ; 


ile 


chirality. Further evidence of the close stereochemical 
relationships between various macrolides is the isolation 
of the Djerassi-Prelog lactonic acid (+)-6 from the 
degradation of methymycin, neomethymycin, pikromycin, 


and narbomycin. 


On the basis of these similarities, W. D. Celmer 
suggested in 1964 that there is a common pattern of 
stereochemistry that would be obeyed by all qeeeeliges, | ° 
Over the next two years Celmer refined his original 
model to give a tool which has successfully predicted 
the stereochemistry of all macrolides tested. 

In many macrolides there are oxygen functions 
at sites that do not correspond to carbonyl locations 
imecne poly—G-keto acid suacremuatiarts These "extra" 
oxygens are believed to be introduced by oxidation at a 
late stage in the lactone biosynthesis. Experiments 


involving the biosynthesis of pikromycin and its 


12-deoxy isomer narbomycin have confirmed this 
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On the basis of previous evidence 
that bio-oxidations take place with retention of 
configuration, Celmer proposed that the orientation 
Of “a methyl Group at a chiral, lactonic carbon snould 
remain uneffected when a hydroxy group (an "extra" 
oxygen) is introduced at that centre late in the 
macrolide biosynthesis. M. Suzuki ’® showed that 
10-deoxymethymycin can be biologically converted into 
methymycin, thus bearing out this hypothesis in the 
case of the Cio centre of methymycin which is shown 


below in Fischer projection. 


fe CH =-C_-0n 
0 10 


As mentioned above, Celmer had several facts 


at hand when he started his work. The four asymmetric 


centres of the Djerassi-Prelog lactonic acid (+)-6 


were known to correspond to Cor Cor Cy and Ce 
and neomethymycin, and to Cy, C., Ge and oe ope 
narbomycin. In addition, the C, and Ce centres of the 


lactonic acid unquestionably had the S and R 


: F : S80G7 0 
configuration, respectively. 


In order to correlate 


Ses 


of methymycin 


. * 
Jigen iy @ 


\y ; ‘a “y 


‘ Liat Sa ate 


* 
ros? 


~ a { ’ 
ae] Tt ae oe 
iC. Ane 
A Viisw 
4 a a. Ph me do? 
1 
} i] te bs ’ “4 
J i § " | 
_ r 4 
+ t { Ave ~~ at 
' i, Ly 
ud 
4d aK 
aie 
ete 
26 , 
: ‘ 
; y _ G 
. i 71 Aetdl “ 
1 
¢! 1! oe ? oe na 
- bate, 
} 3 (% - 
t) 
~ 
ij ne j 
Bini fi day ; 
i - 7 7 
5 A -_" 
i 20 Bers »~ fad fa, i 
ae NS) <a ? a 


7 Po : ie 
ia 


ft bet f ads dis at aga 


L ve ah 7 mie sian HE 


ss : 
7 


tie ihe ' 


aesap : Thy 


? ' i? 
a Biers 
7 
a 4 dh | 


‘ 7 7 
‘ esi ae = ; 
- eee 
im, (ed ri rina ta wo 4 ; 
Lay's aie * sac 1 
sai ci ; 
7 2) 2° ; Aka Wires 


os 
"7. 
“1 er see 
— 4h- 


P 

—) - 
a ~ 
a 


10 


33 


the chiral centres of the twelve- and fourteen-membered 
lactones, Celmer proposed that the penultimate propionate 


unit had been skipped during the biosynthesis of the 


697/76 


twelve-membered ring. Applying Hudson's Rule to 


(F3—6 (shown below in Fischer projection), Celmer 
tentatively assigned it as a D-lactone, and thus C3 would 


have the S configuration. °” 


missing subunit 1 


in 12-macrolides 


desosamine-O-CH 
! 

CH..-CH 
1 

CH 

eocee 

O=C 93 
| 


3 


(+) -6 7 


With this data, a preliminary model for macrolide 
stereochemistry 7 could then be drawn. Fischer projection 
is also used in this diagram. 

- Gerzon eoales proposed a configurational model 
of 9-dihydroerythromycin A in 1956. Combining Gerzon's 
assignments with those used in 7, Celmer elaborated 


his model by assigning stereochemistry at Cy, ©3) Car 
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Cio and C13 


remained to be defined, although many of the 


to give 8. Only the chirality at Cj, and 


assignments in 8 required further support. 

Degradation studies with anhydro-oleandomycin 
allowed the orientations of the last two centres to be 
specified, as well as confirming several previous 
assignments. Celmer was now able to complete his 


model 9. 
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Further experiments showed that Gerzon's erythro- 
: ; : y 
mycin assignments may have been incorrect. : A 
reinvestigation of the problem led Celmer to conclude 


EhabtetnerconriguLrations at Cor C3 and Cy must be 
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reversed) = The final model is presented in schematic 
form in Figure 6 along with several macrolides to 
illustrate the congruence of the skeletal stereochemistry. 

Celmer's model correctly predicts the 
stereochemistry in the twelve-membered macrolides by 
assuming that the penultimate propionate unit is skipped 
during the biosynthesis, as is mentioned above. The 
sixteen-membered lactones can be correlated with the 
model by postulating that an extra acetate unit has 
been inserted between the third and fourth subunits of 
the model. Furthermore, the stereochemistry of the 
hydroxy groups that originate from bio-reduction of the 
carbonyls of the acetate subunits is also predictable. 
Slight modifications of the model have allowed correct 
assignments to be made in cases of unusual macrolides. 
The model has to date withstood all tests. Reexamination 
of the experiments used as a basis for contradicting 
the model have in each case shown the original conclusions 
to be in error! 

In conclusion, the model depicts: (1) the 
chirality at lactone centres bearing oxygen functions 
that are derived from bio-reduction of the carbonyl 
groups in the poly-8-ketone, (2) the chirality of alkyl 
substituents at lactone centres, (3) all carbohydrate 
components as 6-deoxypyranosides with identical 
chirality (either 8-D or a-L) at the anomeric carbons 


and (4) C. (or its equivalent) carrying a B-D-glycoside. 
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The model makes no predictions about either the chirality 
at exocyelic centres cor the chirality cf an extra oxygen 
attached at a ring carbon originally a methylene group 

of an acetate subunit in the poly-8-ketone. A more 
detailed description of the steps used in defining the 
model, and the challenges it met can be found as 


review article by W. D. Cenmeree 
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E) CONFORMATIONAL ANALYSIS OF MACROLIDE AGLYCONES 


The fourteen-membered macrolides were the first 
compounds of this class to be studied by conformational 
analysis primarily because of their availability as 
a consequence of their chemotherapeutic importance. 

Tigi 2 6). 6 paleo” proposed a conformational model 
of cyclotetradecane on the basis of theoretical energy 
considerations. He suggested that if a particular 
ring can be superimposed on the diamond lattice such 
that all ring carbons lie on lattice points, then the 
resulting conformation of the ring is free of Baeyer 
strain. The ring of cyclotetradecane could be placed 


on the diamond lattice as shown below. 
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Molecular optical rotation Sy ee of oleando- 
mycin, a fourteen-membered macrolide, and its derivatives 
showed that the removal of the large sugar residues did 
not drastically alter the aglycone conformation. This 
observation led Celmer®?’ 8? to suggest that the oleando- 
mycin aglycone might be fixed and possibly could be fitted 
onto the diamond lattice with the same conformation as 
cyclotetradecane. He also suggested that erythromycin 
might follow similar geometric lines. 

Permn et cies built upon this idea and experi- 
mentally determined that a single conformation of 
erythonolide was present in solution by making use of 
proton magnetic resonance (pmr) and circular dichroism (CD) 
techniques. Because of the relative insolubility of 
erythonolide B in most non-polar solvents, the most 
detailed studies were carried out using 3,5,11-triacetoxy- 


erythronolide B 10. 
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10 were of major significance in this study since the 


The methine protons at C 


Signals due to these protons were well separated from 
other resonances due to oxygenated substituents and 
showed distinctive splitting patterns. Variable 
temperature experiments from -80° to 110° showed little 
effect on the coupling of these protons. There was also 
little variance in the J values in solvents of very 
different polarities. Since it had been established 
that there is a solvent dependence for the populations 
of conformational isomers which are in equilibrium, 
as reflected by changes in the average coupling constants 
for the molecules: ” then the absence of solvent 
effect in the erythronolide indicated the presence of a 
Single conformational isomer. 

The magnitudes of the vicinal coupling constants 
in the erythronolide were either large (10-12 Hz) or 


small (0-2 Hz). If the aglycone were flexing, then the 


40. 


observed coupling constants would have intermediate values, 


assuming that the various conformers were all signifi- 


SEN at The observation of only these 


cantly populated. 
two distinguishable sets of coupling constants further 
indicated that a single conformational isomer was 
present. 


Conformational rigidity was also indicated by CD 


studies at various temperatures and in different solvents. 
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All of these facts pointed to the presence of a single 
conformational isomer. 

Perun found that the most useful model compounds 
for a conformational assignment were 6-deoxyerythrono- 
lide B lla and its acetate derivatives llb-f Since these 
compounds have vicinal proton substituents at every ring 
position except those occupied by the ketone and 
lactone groups and thus provided the most useful 
experimental data. 

By using the Karplus relationship, °’ the dihedral 
angles at each position could be determined with reasonable 
assurance. In this way a model of 11 could be placed 


in the Celmer-Dale conformation as shown in Figure 7a. 
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Although the agreement of the pmr parameters with 
the conformation proposed by Celmer was good, further 
consideration revealed several discrepancies that 
indicated that this conformation was neither a favoured 
low-energy conformation nor consistent with other physical 
data. Molecular models of the Celmer Conformation 
showed that an unfavourable 1,3-syn-periplanar interaction 
between the C,- and C,-methyl groups was present as 


4 6 


well as a severe interaction between the Cy o7-methyl 

and the lactone carbonyl group. Moreover, it was believed 
that aglycones of a single family were apparently similar 
in conformation, and yet Celmer's model did not agree 
with the known conformation of erythromycin A which 

had been established by X-ray analysis. 

A re-examination of the criteria used in the 
selection of the most favourable diamond lattice 
conformation disclosed an alternate lattice which had 
not been considered before. A slight modification of 
this conformation, as suggested by Perun, incorporated 
the relative positions of the ring protons and other 
substituents in a manner which satisfies both the pmr 
and X-ray data for erythronolide. The aiternate diamond 
lattice and the Perun Conformation are shown in 
Figure 7b. Further evidence for Perun's model was 


provided by CD studies. When the well known Octant 
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Rule as modified for moderately twisted systems was 
applied to the ketone chromophore of erythronolide 

in the Perun Conformation, a negative peak was predicted 
for the ketone, absorption an the CD curve. |This 

was observed. Predictions based on Celmer's model 

were inconsistent with this finding. Similarly for the 
lactone chromophore; Celmer's model gave a wrong 
prediction while use of Perun's model lea ton tie 

correct prediction of the observed spectrum. 

The Perun Conformation, therefore, appeared to 
satisfy all of the physical data available for the 
aglycone at the time. 

More recent detailed analyses of the pmr and CD 
spectra of derivatives of erythronolide B have suggested 
that there is some limited conformational freedom 
nestbas arenes, The general diamond lattice 
conformation proposed by Perun is maintained with subtle 
Modi Colones inve Leber stie Cc, sthrough Cor owe Ce through 


2 


Co segments depending on the nature and position of 
ring substituents. Variable temperature measurements 
in a series of acetoxy derivatives have indicated that 
the conformational changes in these two regions are 
interdependent. This fact enabled the determination 


of the limiting conformations which are populated to 


different extents in the series. Conformational analyses 
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of pikromycin, narbomycin, and their derivatives using 

pmr and CD techniques have also been carried cya ee 
Investigation of the conformation of macrolides 

has now been extended with the use of cmr techniques. 


The signals for carbons in various fourteen-°" and 


aie eenencnbeceda: 


macrolides have been assigned. This 
technique has been useful in ascertaining hydrogen 
bonding and in the structural analysis of several 
macrolides. As an example, cmr has allowed the hitherto 
unknown anomeric configuration of the forosamine moiety 
of the spiramycins, as well as the location of the 
disaccharide unit in tylosin, to be decormnede 
Cmr has also been used to determine slight conformational 
differences between similar aglycones, e.g. erthyronolides 
peande'b. 

InecOnciusiony, macrolide lactone rings of the same 
size all have approximately the same, fairly rigid 
conformation. The precise shape of the aglycone is 
however influenced by the various substituents on the 


ring. These changes in conformation may be investigated 


using the powerful techniques of pmr and cmr spectroscopy. 
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CHAPTER 2 


PROPERTIES AND CONSTITUTION OF METHYMYCIN 


Methymycin was the first of the macrolide antibiotics 
to have its constitutional structure determined (1956). 
This work was carried out by C. Djerassi and eavorkera= 


at Wayne State University. However, it took an additional 


fourteen years before the stereochemistry of methymycin 12 
shit 


was determined by Rickards et al. 


eZ 


~~ 


Perhaps an important reason for the slow 
progress in the elucidation of the stereochemistry of 
this antibiotic was that interest in methymycin waned 
when it became apparent that it had no chemotherapeutic 
value when compared, for instance, to erythromycin. 
Although methymycin exhibits roughly the same range of 
biological activity as many other macrolides, its 


inhibitory power is much less (10° to aie fold) as can 
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be seen by studying the table in Chapter 1 Section B 
dealing with the biological activity of the macrolides. 

By 1953 a group of investigators at the Squibb 
Thetiture-con Medical Research reported the isolation 
of a new crystalline (mp 195.5-197°) metabolite, 
methymycin, from Streptomyces venezuelae.7?/ ois 
substance exhibited activity against certain Gram-positive 
bacteria. The same chemists characterized methymycin 
as a dextrorotatory base (+62°, methanol; +74°, chloroform) 
with an empirical formula C55H,3NO0.. The ultraviolet (uv) 
spectrum indicated the presence of an a, f8-unsaturated 
carbonyl chromophore, This conclusion was supported 
by infrared (ir) absorptions in chloroform solution 
at 1681 and 1628 cm7* and by polarographic studies. 
The ir spectrum also contained a strong hydroxy band 
at 3414 em * as well as a second carbonyl stretching 


“Shel AS dell ence 


that was later ascribed by Djerassi 
etgal-stogansester or Vactone., standard degradative 
procedures showed!’ the presence of at least six C-methyl 


groups and a tertiary dimethylamine. The known information 


* 

Suitable crystals for an X-ray determination of the 
structure of methymycin have not been obtained from 
either the natural or synthetic (this thesis) 


macrolide, 
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is summarized below: 


at least 6 C-CH, 
NO.) 
C-N(CH,), 


at least one OH 


Methymycin (Co5H,3 


5 unsaturated sites: 3 of 
which are accounted for 


Djerassi and coworkers extended the work of the 
Squibb group and successfully pieced together the total 
structure of methymycin during the next three years. 1/?- 
This structural work must be deemed as one of the 
remarkable achievements of the time, since techniques 
indispensible to today's research such as pmr, cmr 
and mass spectral fragment analyses were unavailable 
to organic chemists of the mid-1950's. Mild catalytic 
hydrogenation of methymycin reduced only the carbon- 
carbon double bond of the a,f-unsaturated carbonyl. 
However, under more severe conditions the enone 
system was reduced to the corresponding saturated alcohol, 
tetrahydromethymycin. In addition, a hydrogenolysis 
product, tetrahydrodesoxymethymycin, in which some 
oxygen other than the one of the unsaturated carbonyl had 


been lost, was isolated. Reaction of tetrahydromethymycin 
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with 3-chloroperbenzoic acid yielded only the corresponding 

N-oxide. All of the unsaturation sites'in methymycin 

had now been accounted for; methymycin contains two rings. 
Methymycin was found to contain two hydroxy 

groups which could be acetylated but which were very 

resistant to oxidation. Although methymycin itself was 

Inert to periodic acid, reduction with Pathrum aluminum 

hydride followed by periodic acid treatment produced good 

yields of propanal. Thus, methymycin must contain a masked 

glycol in which one of the hydroxy groups is protected 

as an ester or lactone. On this evidence, structural 

fragment 13 was considered to be a part of methymycin. 

The remaining hydroxy group was also assumed to be 


tereiary in order to account for its oxidative resistance: 


HO 


ie 
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By this stage of the investigation it was 
evident that the chemical properties of methymycin 
strongly resembled those of erythromycin and pikromycin, 
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basic sugar desosamine.>’® Fortunately, in the case of 
the antibiotic methymycin, its attached sugars could be 
chemically removed without destroying the aglycone. 
Hydrolysis of methymycin in aqueous sulphuric acid 
under carefully selected conditions provided the 
desosamine salt and a 20% yield of the free aglycone, 
methynolide 14 (C) 7H5,0.) - The structure and stereo- 
chemistry of the desosaminyl residue were determined by 


the standard methods of carbohydrate chemistry and will 


not be discussed in this thesis. 


methymycin ——® methynolide + desosamine 
Le 14 

The hydroxy group freed by removal of the 
desosamine was oxidized to the corresponding ketone. 
Treatment of this oxidation product with aqueous base 
followed by acidification liberated 0.6 equivalents of 
carbon dioxide. Thus the desosaminyl residue was 
located on the carbon 8 to the lactone carbonyl. 
This information allowed the partial structure of 
methymycin to be extended to 15. The information 


required to complete the structure was provided by two 


more experiments. O 
HO CH CH 
O (2) 
CH, CH, 
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Degradation of methymycin by alkali fusion 
(potassium hydroxide, 360°) produced 2,4,6-trimethyl-2- 
cyclohexenone 16. Assuming that 16 was likely formed 
from an aldol condensation of an aglycone fragment, then 
two possible ways (17 and 12) were suggested to complete 


Dabelal structure 15. 
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Mild permanganate oxidation of methynolide Geen 
the final evidence that 12-was indeed the structure 
of methymycin. Three crystalline substances 18, 19 and 
6 were isolated from this oxidation. The smallest 
EGvagment, G owas 1dentical to the lactonic acid isolated 
earlier from pikromycin and narbomycin by V. Prelog 
eb aaa anc stdeit tr tedsbyeLhemeasetnemo= lactone ot 
3-hydroxy-2,4,6-trimethylheptanedioic acid. These 
findings were completely in accord with structure 12. 
In addition, the interconversions and properties of 


these oxidation products were so demanding that methymycin 


had .to. have structure 12. 
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18 Hg) 6 
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Pb(OAc), t l OH 


=scereochempstry of Methymycan 


Pyrolysis of the Djerassi-Prelog lactonic acid 6 


~ 


with subsequent ozonolysis produced meso-a,a'-dimethyl- 
giutaric acid.?? This degradation established that 


the stereochemistry of the Cy- and Con methyl groups of 6 


must be cis. 
: ; 30b 
iil 5/7 Dyerassd -et eal. reported the structure 
of neomethymycin (see Figure 1), an isomer of methymycin. 
Since oxidative cleavage of the neomethymycin aglycone 


also gave 6, then the stereochemistry of centres C, through 


2 
Ce must be the same in the two isomers. Acid hydrolysis 


converted neomethymycin into 20 in high jet, GeO 
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Degradation of 20 allowed Cy 


succinic acid 21. Consequently C, of methymycin has the 
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SyconLigurationwandsehnerefore CC ” the Re 
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Neomethymycin 


20 (~)-S-21 


In 1963 Bergel'son and meee = reported a 
synthesis of the racemate of the Djerassi-Prelog 
lactonic acid. Their synthesis is outlined in 
Figure 8. Compound 22 was obtained in a straightforward 
Manner starting with meso-a,o'-dimethylglutaric 
acid. Rednetion Gz the ketone towgive alcohol 23) was 
accomplished by several methods. These included hydrogen 
Over Raney Nickel or chromium-nickel catalysts, triethoxy- 
aluminum hydride, and lithium aluminum hydride. 
Saponification of the compound obtained from the latter 
reduction, followed by acidification gave a lactonic 


acid 24 in 58% yield which the authors stated was the 
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racemic form of the Djerassi-Prelog lactonic acid 6. 
Based on pmr and degradative studies of their synthetic 
material, the Russian workers concluded that the Cc. 
and C. configurations, were S and R&R, respectively. 
Because the assignment of Bergel'son and Batrakov 
was opposite to that predicted by Celmer's model, and 
because the identity of the synthetic lactonic acid was 
based solely on solution ir spectral comparisons, 
Rickards and Smith reinvestigated the problem in Togo s 
They used pmr analysis extensively, as did the Russians, 


buieanuthentic, rather than synthetic, lactonic) acid (+)—6 


was used for this renewed study. 


The vicinal coupling constant J A is) OSHz ein 
Lf 


both the Jactonic “acid and its methyl ester 25. On this 


basis, Rickards and Smith concluded that H and Hy 


are anti-periplanar and thus C3 has the S configuration. 


This assignment agrees with Celmer's model for macrolide 
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stereochemistry. In order to study the configuration 


acc 25 was converted into 26 by a series of reduction, 


De ieetn 

ketalization and acetylation. This new compound had 

Cc. incorporated into its 1,3-dioxolane ring. The vicinal 
coupling constants between the C. proton and its three 
neighbouring protons were all small (less than 2.5 Hz). 
Based on this observation, the authors stated that this 


proton was syn-clinal to all three vicinal protons. 


Of the two structural orientations, 26a and 26b consistent 


~~~ 


with this conclusion, the latter was eliminated as 
conformationally unrealistic. The stereochemistry of 


Cc. is therefore R. The assignment of the R configuration 


to C, is in agreement with Celmer's model. 


O CH 
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In the light of Rickards and Smith's evidence, it 
must by concluded that Bergel'son and Batrakov erred 
in assigning their synthetic lactonic acid as the racemate 
of yea It is not possible to state at which point 
the Russian workers were misled. However, there are 
several reactions in their scheme which can cause 
epimerization of some chiral centres. For instance, the 


basic ester hydrolysis may have epimerized the C, centre. 


2 
Only the stereochemistry of the double bond and 


the configurations of Cio and Ci in methymycin remained 
undetermined. The pmr spectrum of methymycin established 
that the double bond had the E configuration, while ozonolysis 


Of the antibiaetic hed to the isolation of ¢€ and C as 
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(+)-2, 3-dihydroxy-2-methylpentanoic Bgl Compound 27 


HO nf 
cH OH 
OH 
CH, 
(41-27 


“Close inspection shows that the ir spectrum of 24 is 
very similar to that of the natural lactonic acid, but is 
not superimposable. The ir spectra of synthetic (tee 
(this thesis) and authentic Cae are exactly super- 


imposable. 
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was identified as the erythro isomer by comparison with 


authentic racemic 27. Final definition of the chirality 


at Cio and Chy as 5 and R, respectively, was possible when 


(-) -erythro-27 Was correlated through 20) with. ()=o-butyrine 


29. 
COOH CH, 
HO=G—CHp HO-C-CH, Tees 
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Thus, through the efforts of Djerassi and his 
GOwOrkers, and, of Rickards and Smith, the tocal structure 
of methymycin has been determined. The stereochemistry 


On this macrolide 2S summarizea in Table 3. 
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CHAPTER 3 


PREVIOUS SYNTHETIC STUDIES OF MACROLIDES 


There are four principal approaches to the 
evatheciancr macrocyclic lactones: (1) the Baeyer- 
Villiger toxidatian Gf the ‘corresponding, cyclic Peronee @ 
(2) .evclization wolf the termini of an appropriately 
SuUDStituced vester, (3) tperacid oxidation or asbicyclic 
enol ether precursor and (4) direct lactonization of 
aenyaroxy Carboxylic acid. 

The first method is impractical for several 
reasons. The preparation of an appropriately substituted 
medium or large cyclic ketone would be just as, or even 
more difficult than the synthesis of the lactone itself. 
The ketone synthesis would have to be carried out under 
essentially neutral conditions in order that there is 
no chance of epimerization of any centres adjacent 
to the existing carbonyl functions, since the stereochemical 
integrity of the molecule must be preserved. Unfortunately, 
neutral methods for the preparation of ketones are very 
few in number. There is a further complication since 
the Baeyer-Villiger reaction would have to be selective 
as to which substituent of the ketone migrates. 

In the late 1960's Corey made use of nickel (0) 
Carbon yim eoncyCclize angi. vlc adi bromide wsepart, OF 
the synthesis of the sesquiterpene humulene. : Ay gab 


Carbon-carbon bond formation was later extended to the 
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synthesis of a medium-ring lactone.” Reaction of 
compound 30 with nickel(0) carbonyl gave a 70-75% yield 
of diene lactone 31 which was subsequently hydrogenated 
to produce the thirteen-membered lactone 32. This 
reaction is also unlikely to be synthetically useful 
for the preparation of highly substituted lactones 


because of the difficulty in obtaining the properly 


Pee - COo- cos 


30 oa 32 
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substituted allylic termini, and because of the problems 
associated with further conversion of the diene into a 
highly functionalized macrolide. 

The third method of approaching the problem 
has been used by Bagli and Immer?® to synthesize 33, 
a structural isomer of curvalin 34. They used the 
oxidative cleavage method developed by Borowitz and 
Gonis?? to ring expand the tricyclic vinyl ether 36 


which yielded 37. Removal of the O-methyl groups 


arrorded) Oo... 


exigel wavuitedud giciciA Jo ms 
jpeuioca ade pelalegea sd vs ies hOhld” 


ea 


’ 


' 
Ad ok Issa) 7ae bedtsaei eid. aot 
48, d90ttes ean Bas ee eye 
Pej) AT bee Prer-s =o tg ‘se, 


ing eteve4 yA 1eale di8 pata aE ON 
aiovettc tyeay SRE arts hnene a 
en wivst tae a 3a ort; 


OCH, 
CHO : CHO 
che 


~~ 


| 


CH, 
RO) = 
O 
RO O 
22) ph i= eH 36 
Sy SS CH, 
More recently, Borowitz and ores ue extended 


their method to determine the feasibility of using 

this type of cleavage to generate the methymycin lactone 
system. Their initial investigations involved the 
synthesis of 7-oxoundecanolide Moar Alkylation 

of cycloheptanone with a difunctional reagent yielded 

38 after conversion of the free terminus of the alkyl 
side chain into a hydroxy group. Acid catalysed 


dehydration led to the vinyl ether 39 but only in low 


yields (15%). 
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The cyclization reaction was found to produce even 
poorer yields if the starting ketone carried substituents. 
Thus, in the case of 41 Gyclreationm / Occurred: toa 
Minor extent" affording a mixture of isomeric enol 
ethers 42. The authors concluded that the present 
synthesis of cyclic vinyl ethers cannot be applied to 
the preparation of complex macrolides. 

Cyclization of the corresponding hydroxy 
Carboxylic acta °7 as a lactone synthesis has met with 
the greatest success. For instance, Colvin, Raphael and 
Oinerss- have reported the first synthesis of a non- 


aromatic macrolide, (+)-pyrenophorin 44. Compound 43 was 


prepared using classical methods and was converted 
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into the acyl imidazolide and subsequently cyclized 
with base to give a 60% yield of a 1:1 mixture of 


diastereoisomers, 
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After hydrolysis of the thioketals, and removal 
of the meso*product, (+)—-pyrenophorin 44 was obtained. 
In this synthesis, 1,5-diazabicyclo[4.3.0]non-5-ene 
(DBN) was used to remove a 4-toluenesulphonylethyl 
protecting group. The use of a powerful reagent 
like DBN may destroy those labile groups normally 
present in more complicated macrolides such as 
methymycin and thus not allow this route to be 


generalized. More recently, a related compound 
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(+)-vermiculine 45, was synthesized by Corey et Paige 


using an efficient lactonization step which is discussed 


later in some detail. 


Several successful syntheses?+° of the fourteen- 


membered pseudomacrolide zearalenone 48 have appeared 


1O5a,¢ he 


in the literature. In two of these reports, 
final steps involved a.low yield (10%) lactonization 
of 46, catalysed by trifluoroacetic acid anhydride 
followed: by, Cleavage of the O-methyl ethers: ) Another 
lactonization yielding zearalenone was carried out by 
cyclizing the hydroxy and methyl ester groups of 47 


; : : 105b 
via an ester exchange using potassium tert-amylate. 
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A synthesis of racemic dideoxyzearalane 49 has also 

i ; ; 
been reported. Ue In this case the final lactonization 
was accomplished in 25% yield by using phosgene and 


triethylamine in dilute benzene solution. 


CH, 


eo 

The direct lactonization procedure appears to be 
the best approach to the synthesis of macrolides, 
however the yield needs improvement. At the time we 
announced our method (described in this thesis) at 
the 9th IUPAC meeting, Corey published a newer approach 
to this problem. He suggested activating the hydroxy 
and carboxy groups of the lactone precursor towards 
mutual reaction in order to improve the yield of lacton- 
ization. One way to activate both the hydroxy and 
carboxy groups would be to use a carboxylic acid 
derivative which would favour proton transfer from 
hydroxy to carboxy oxygen. Corey proposed the use of 
the pyridine-2-thiol ester, a functional group used 


ei in his studies on peptide bond formation, 


by Mukaiyama 
as the activating group. A mechanism for the lacton- 
ization mechanism suggested by Corey is given in 


the following scheme. This electrostatically driven 
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reaction, if it indeed operates as shown above, could 
also proceed intermolecularly, but this problem should 
be overcome by using high dilution techniques. 
Corey proved his hyvothesis by successfully lactonizing 
several aliphatic w-hydroxy carboxylic acids, after 
first activating their carboxy functions by converting 
them into the corresponding pyridine-2-thiol esters. 
The cyclization reaction involved prolonged refluxing 


in the indicated solvents. The results are given 


in Table 4. 
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Mable 4: sLactona zation of w-Hydroxy Carboxlic Acids 


HO (CH,) COOH —y» lactone 


69. 


105d 


te Solvent (Reactian time) Ring Size glpc Isolated 
=) benzene (10 hr) 7 87 gril 
f) xylenes (30 hr) 9 25 8 
10 xylenes (20 hr) 12 64 47 
Tih xylenes (10 hr) 13 76 66 
12 xylenes (10 hr) 14 79 68 
14 xylenes (10 hr) 16 88 80 


Along with the indicated amount of lactone formed in 


the reaction there was a variable yield of diolide 50 


isolated. This product was a minor constituent (5-73) 


except in the formation of the nine- and twelve-membered 


dactones where Te accounted for 41 and 302 of the 


product, respectively. 
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(CH), (CH), 
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50 


Corey applied this lactonization procedure to 


the synthesis of zearalenone. 


ea Cyclization yor 


51 with subsequent removal of the protecting groups 


gave the pseudomacrolide in 75% yield. 
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The use of this activation procedure has been 


extended to the synthesis of macrocyclic lactones in 
08 


i ul 
the prostaglandin series. For instance 53 was obtained, 


following deacylation, in 67% yield by refluxing 


a xylene sclutwon of752 for thirty hours. 


SZ 


R = Pyridine-2-thiol ester 


Partial syntheses of brefeldin A, carpaine, 


Oo 


vertaline and erythronolide B were recently reported 
while our manuscript was in press. This latter compound 
is of great interest since it is an authentic macrolide. 
Treatment of the seco-acid (the lactone ring opened, 
hydroxy acid, precursor) of 54, obtained by conversion 
of naturally derived erythromycin B, in tetrahydrofuran 


with two equivalents of 2,2'’-dipyridyl disulphide and two 
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equivalents of triphenylphosphine for 22 hours at 25° 

led to the corresponding pyridine-2-thiol ester which 
could be isolated in 88% yield, and which upon heating 

at reflux in xylene for 72 hours afforded the macrocyclic 
lactone 54 in an unspecified yield. This compound was 
then converted into erythronolide B by a multistep 
process. The overall yield for the partial synthesis 

was not given, nor was any mention made of possible 
epimeric products. 

Somewhat later, H. Gerlach *° reported an 
improved cyclization method using the pyridine-2-thiol 
ester. Use of silver(I) salts to catalyse the 
Peactiongslesults) ine rapid Lormetion Or macrocyclic 
lactones and esters at room temperature under non-basic 
conditions. The yields are 70-85% for this reaction. 

A synthesis of a macrocyclic thiene involving 
the use of a repeatable 2,3-sigmatropic shift as a 


; : i: 
ring growing reaction has also been reported. He The 
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authors note that they are exploring extensions of this 
concept to carbocycle synthesis by sulphur extrusion, 
and toward the synthesis of macrocyclic lactones and 


lactams. 
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CHAPTER 4 
A SYNTHETIC APPROACH TOWARDS METHYMYCIN 

In the preceding chapters the properties of the 
macrolide antibiotics have been discussed. The most 
interesting aspect of the macrolides from the organic 
chemist's point of view is probably the common stereo- 
chemistry shared by the macrolide aglycones. We were 
fascinated Wren thas structural feature, and at the time 
that we initiated this project approximately five years 
ago, it was not even clear how to approach the synthesis of 
Chis type of, compound. “By 1970) ‘organic chemists, had 
explored the area of natural product chemistry so extensively 
that general approaches for syntheses of most of the 
important groups of compounds, including steroids, 
terpenes and alkaloids, were available. In the field of 
antibiotics, total syntheses of penicillins and cephalo- 
sporins, and tetracyclins were already completed, and the 
only remaining main family of antibiotics which challenged 
us was the macrolide antibiotics, for reasons which are 
rather obvious from the preceding discussions. We 
hoped that a successful synthesis of one member of the 
macrolide family would lead to a general synthetic 
approach to other members of the group. Needless to say, 
such a scheme would also be valuable for biochemical 
studies of the macrolides as well as of general importance 


itesvnEnetlc Organic Chemistry. 
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There are two main problems associated with the 
synthesis of the macrolide antibiotics. They are: (1) 
the ‘stepwise stereospecific introduction of each chiral 
centre preferably via an aldol or Claisen type condensation 
and. (2 isthe Grormaction, of -the lactone ring se. int ligntvort 
Stoll's earlier work, a twelve-membered lactone should 
be the hardest to cyclize. We reasoned that if we were 
Successful in cyclizing this medium ring system, then 
we were confident that the larger fourteen- and sixteen- 
membered rings would also prove amenable to cyclization 
Gurlesinira)-= We therctcre felt thateoumsei rst prierity 
was to establish the feasibility of the lactonization 
step before attacking the problem of a stereospecific 
stepwise synthesis. The simplest of the nonpolyene 
macrolides, methymycin, was chosen as the first goal of 
our synthesis. Methymycin, being the smallest member 
of the macrolide family, had the advantage that the 
stereochemical problems associated with the ring system 
are minimal. Thus, while the construction of the seco- 
acid is presumably easiest of all, the lactone ring 


formation would present difficult problems. In particular, 


the three inner hydrogens discussed below, further complicated 
this problem. Therefore, methymycin or methynolide is the 


best compound for the purpose of testing our approach. 
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Before our initiation of this project two approaches 
to the synthesis of large-ring lactones had been tested 
as discussed in Chapter 3. Borowitz concluded that his 
enol ether cleavage approach, although useful for the 
synthesis of relatively simple lactones, was of no use in 
the synthesis of the highly substituted macrolide 
aglycones. The other method, again as examined earlier, 
appeared impractical for our purpose. 

The more obvious but extremely risky approach 
would be the cyclization of an appropriately substituted 
long chain compound. When this project was begun in 
1970, there were no efficient methods for the synthesis 
of large ring compounds. For instance, the cyclization 
of the relatively simple lactone zearalenone was proceeding 
in only about 10%, and in light of Stoll's experiments 
this was generally thought to be about the highest yield 
that could be hoped for. However, we believed that in 
view of the conformational rigidity of the macrolide 
aglycones that cyclization would proceed in much higher 
yields than with the aliphatic. compounds studied by Stoll. 

in Chapter=1 Section E, the: conformational 
rigidity of erythronolide B was discussed. This lack of 
flexibility in the aglycone is also present in methymycin. 
A conformational analysis based mainly on the CPK atomic 


model of methymycin and partially on a pmr analysis 
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suggested that methymycin most likely has the conformation 


indicated below. 


The molecule is quite rigid and conformationally 
fixed as evidenced by physical data and as judged from 
the model, which can hardly be twisted once the lactone 
ring has been constructed. The three hydrogen atoms 
located inside the ring are on different planes, and thus 
the van der Waals repulsion which might be expected if 
methymycin were essentially planar is to a large extent 
removed in the actual conformation. This van der Waals 
repulsion is further reduced as one goes to the larger 
lactones, and at the sixteen-membered ring is almost 
totally absent. Because of this trend, we believed that 
the aglycones of the larger macrolides should be even 
easier to form than that of methymycin. The desosamine 
residue further strengthens the conformational rigidity 
of the whole system. 

This lack of flexibility is also extended to the 
seco-acid 55 of the methymycin aglycone. Because of the 
presence of the a,f-unsaturated ketone and more importantly 


the substituents along the chain, rotation of the Ce-Co 
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single bond is the only extra degree of freedom allowed 


in the seco-acid. Thus, rotation about this bond 


———» Methynolide 


14 


automatically brings the hydroxy group at Chi close to 


the Cy) carboxy group, and lactone formation may compete 
favourably with intermolecular condensations. 

Therefore, based on this conformational analysis, 
if we can construct a suitably substituted hydroxy carboxylic 
acid or its equivalent, we have reasoned that there is a 
good chance that lactonization to yield methynolide may 


be effected. Two possible immediate precursors (55 and 


56) to the lactone ring are shown below. 


CH, CH, 
uo CH, CH, CH, 
"Ts aie 
CH 
CH, cus CH, 3 
55 56 


Lactonization from 56 may proceed with or without the 
assistance of a Lewis acid, and with care, a Lewis acid 


should not epimerize the Ce-methyl group. Once the 
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synthesis of the aglycone has been accomplished, the 
remaining task only involves attachment of desosamine 
to the secondary hydroxy group of methynolide. 
Unfortunately, the limited world supply of natural 
mMethymycin (<400 mg) prevented us from degradation of 
methynolide  torproduce s5Fand 56"0r their equivalent, 
which could have been used to test the feasibility of this 
lactonization approach. We therefore have been forced 
to proceed with a totally synthetic route without the 
benefit of a preliminary relay study, a risk which we 
considered worth taking. 
Djerassi reported (see Chapter 2) that upon 
degradation, methynolide yields (iS 6r This lactonic 
acid incorporates C 


through C. of methynolide, the segment 


dh 7 


which we refer to as the right hand side of the 


molecule. 


O 
CH 
0 O 3 
HO 
CH. CH, 
eo 
O 
CH, 
HO 
at; CH, 
CH, ‘e) 
On: =O OH 
CH, CH, 
Left Hand Right Hand 
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We call the remaining C, through C fragment the left 


8 is 
hand side. Our synthetic plan involved the preparation 

of the left and right hand sides of methynolide, conden- 
sation of these fragments to give 55, 56 or their 
equivalent, followed by cyclization to form methynolide 14. 

Our ultimate goal is the synthesis of the natural 
form of methymycin, and thus we need to either use 
optically pure reagents throughout the synthesis or 
carry out the reactions in such a way that resolution 
Or an asymmetric synthesis can be accomplished at some 
stage. There are at least three ways to combine two 
Stereochemically matched components. First, both segments 
are resolved or asymmetrically synthesized and combined, 
second, transmit the stereochemical information of one 
segment to the other, and third, one segment is resolved 
and used to resolve the other molecule. Although the 
second method is most attractive and is currently being 
explored, we decided to use the latter method in the 
synthesis of methymycin. 

With the assumption, which later proved to be valid, 
that the wrong pair of isomers would not cyclize or at 
least not cyclize as efficiently as the correct pair, 
we proceeded with our synthesis. Racemic Djerassi-Prelog 


lactonic acid (+)-6 appeared to be an ideal intermediate 


tee 


in the synthesis. Not only would the successful preparation 
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of (+)-6 complete the right hand portion of the 
cyclization precursor, but the chemically non-equivalent 
carboxy groups, a free acid and a é-lactone, should allow 
fixture of the simpler left hand portion specifically 

to the desired group. The smaller left hand fragment 

of the precursor can be more easily prepared in optically 
active form than can the lactonic acid, and therefore 

will serve as a resolving agent for the right hand side 

of methynolide during the lactonization, since the 
conformational analysis, based on the CPK model, indicated 
thaceonly the correct precursor will cyclize. =in addition, 
the correctness of the relative stereochemistry in the 
synthetic lactonic acid can easily by checked by comparing 


SegwlGienacuralsyacenrived (tb). 
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CHAPTER.) 
A SYNTHESIS 


OF THE RACEMIC DJERASSI-PRELOG LACTONIC ACID 


An efficient synthesis of the Djerassi-Prelog 


Pactonicsaciay (+ )—o mecessarily involves the introduction 


of four asymmetric centres in a highly stereoselective 
Mannel he toc WE LSOnsinecOonywunctLonuwiLth C.. Kamsand: lH. 
Davis was able to isolate a few milligrams of the racemic 
lactonic acid. His pioneering work is fully described 

in his thesis, °* In order that the synthesis of 
methymycin could be continued as outlined above, the 
reaction sequence used by Wilson had to be improved 
considerably. 

As noted previously, our ultimate aim is to 
construct the methymycin aglycone in a stereospecific 
stepwise manner. However, at this stage of the 
investigation it is more important to establish the 
Reastoriaty OF theitinal elactoni zation geo produce 


methynolide before attempting to improve the synthetic 
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scheme. We thus first proceeded with a more conventional 
Synthesis of methynolide seco-acid. 

The generation of asymmetric centres in a stereo- 
selective fashion is much easier to accomplish in a cyclic 
structure which possesses some rigidity than in a flexible 
acyclic analogue. After introduction of the required 
asymmetric centres, cleavage of the ring would afford 
Suitable precursors for (+)-6. The trimethylcycloheptenol 
derivative 57 was selected by Wilson as the key synthetic 


intermediate. 


CH, 


CH, 
CH, OR 


2)/ 


~w~w 


Cleavage of the double-bond in an oxidative manner, 
followed by removal of the hydroxy protecting group, 
should lead directly to (+)-6. 

In Wilson's synthetic route 3,5, 7-cyclohepta- 


triene-1,3-dicarboxylic acid 58 was chosen as the starting 


material for preparation of 57. This diacid had been 


previously synthesized by two research groups.+!? The 


yy : 
more recent route published by Vogel rae and outlined 


in the following scheme was used by Wilson. 
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COOH COOCH, COOCH, 
Paine ten a 
(Ores Bri COOCH, 
wart COOCH, 
58 63 62 


The reaction sequence to obtain 58 involved some 
problems in a large scale operation. The addition of 
diazomethane to the Diels-Alder adduct Dee Seno Eavieny, 
efficient and requires several treatments with fresh 
diazomethane over a one-week period. Thus, the reaction 
mixture often contained as much as one mole of potentially 
explosive diazomethane. In addition, the photolysis of 
pyrazoline 60 had to be carried out on small amounts of 
Matonvaie( <5 ein Order to produce a clean product 
in high yield. Nevertheless, this procedure was 
initially followed. 

Since the carboxy groups of 58 were ultimately 
intended to be transformed into the two methyl groups at 


Cy, and Ce of (+)-6, it was necessary that these groups 
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have a cis orientation in subsequent products. 
Reduction of 58 with sodium amalgam++3 provided a high 
yield of the desired diacid 64. The product consisted 


Of 90% Of "the cis isomer. This product distribution is 


in marked contrast to the reduction of phthalic acid which 


yields virtually only the trans isomer, 1+3>/¢ 
COOH 
58 —_—___> 
COOH 


64 


~~ 


The isomeric purity of 64 was established by a pmr 
study Gf the dimethyl esters of 64. The pmr spectra’ of 
the cis and trans diesters, are expected to be quite 


diiferent. In the trans diester 6S ehereyisea two-fold 


Hy 
X.COOCH, 


H? 


65 es 


rotation axis (C.) through the methylene group necessitating 
the chemical equivalence of the geminal protons on Co. 


Thus, the methylene protons may be analysed as the AA" 
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part of am AA*KX® system. In general, this half of the 
nuclear spin system consists of twelve Meee 
However, since the Jy xs coupling constant is expected 
to be approximately 0 Hz, the AA" pattern reduces to six 
lines. Experimentally, a triplet (1 7.75, J = 6) was 
observed indicating that the cis and trans coupling 
constants are equal. 

In contrast to 65, the Clssdlester 66, has a mirror 
Plane (9) through the methylene group and thus the two 
geminal protons on C, are not chemically equivalent. 
Thus, these two protons may be treated as the AB part 
of an ABX. spin system. Experimentally, there are 
Observed twelve lines appearing as four off-centre 
triplets, in agreement with the prediction of an ABX, 
pattern. 

The cis diacid was purified via its anhydride 67. 
When the mixture 64 was heated for a short time in the 
presence of acetic anhydride, the cyclic anhydride 67 
was obtained in 80% yield. The cis diacid 68 was then 


Obtained by treatment of the anhydride with aqueous 


sodium bicarbonate. 


fe) «COOH 


S “COOH 


67 68 
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Our first task involved improving the yield of 
ENewcLsrdracivd 68. In collaboration with H. Davis and 
G. Spessard, an alternative and more efficient route 
£0 7diacid 68 has been executed with a very gratifying 
result, 

In 1966 Cannel1*1° reported that, bicyclo[4.2..1] nona- 
2,4,6-triene 69 is formed during the pyrolysis of the 
[2., + ns! dimers of bicyclo[2.2.l]hepta-2,5-diene. If 


the isolated double bond of 69 could be selectively 


“COOH 
COOH 


69 68 


~~ ~~ 


Oxidized by cleavage of the ec. bond, diacid 68 could 
be obtained directly. 

Schrauzer?1® reported that bisfumaronitrile 
mleken(O)e dimerizes bicyclo[2.2.l]hepta-2,5-diene to 
give exclusively the anti-fused isomers 70, 71 and 72. 
The main product is 71 which is present as approximately 
80% of the mixture. The original procedure involves a 


ll6a 


sealed tube reaction. When a large scale (350 g) 


reaction was carried out behind a safety shield, a 
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violent explosion occurred which caused extensive damage 


are diy Ah 


exo-anti-exo exo-anti-endo endo=anti=-endo: anti-endo 
70 Vig We 


nn 


to the fume hood in which the reaction was carried out. 
Subsequent reactions were then carried out in a sealed tube 
placed inside a heavy-walled stainless steel hydrogenation 
apparatus. 

Pyrolysis of the mixture of the dimers in a flow 
system, followed by distillation of the product, provided 
69 in 75-80% yield. The pyrolysis occurs over a wide 
temperature range Os02500e)y5 > and the product distribution 
is a function of temperature, contact time and surface. 
area, lf too low a temperature is used, imcomplete 
eracking occurs, cesulting in some| exo-tricycio (4-221. 0° he 
nona-3, 7-diene 73, a pyrolysis intermediate, along with a 


considerable amount of uncracked dimer. Too high a temper- 
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ature or too long a contact time results in considerable 


aromatic material being produced because of further 
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reactions of 69 in the pyrolysis tube. In both cases 
there is usually some exoranti-exo dimer 70 which is 
uncracked. This observation is consistent with Cannell'ts 
report of the reactivity of this isomer. The most 
convenient method of monitoring the pyrolysis is by 
removing an aliquot of pyrolysate and taking its pmr 
spectrum. The temperature and/or the flow rate (and 
thus the contact time) are varied until optimum conditions 
for the pyrolysis are obtained. 

Hydroboration of 69 was chosen as the method of 
oxidizing the isolated double bond, This method has 
an advantage over other oxidation methods since the 
probability of skeletal rearrangement is extremely low 
during the reaction. Hydroboration was found to occur 
primarily at the cyclopentene double bond even though 
cycloheptene is hydroborated by bis (3-methyl-2-butyl)- 
borane five times faster than is Cvclignentenea This 
fact may be rationalized by noting that the reactivity 
of the diene moiety should be reduced somewhat because 
of conjugation.-~” In addition, molecular models 
indicated that the methylene bridge is inclined slightly 
towards the plane of the diene, providing some shielding 
from exo attack by the borane. Use of bis(3-methyl-2- 


butyl) borane??? 


as the hydroborating agent produced 
alcohol 74 in 90% isomeric purity and in an overall 


yield of 75%. The hydroxy group was shown to be in the 
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exo configuration, as expected, by pmr shift studies. 
This aspect is elaborated on below. 
Oxidative cleavage of the Co-Cy bond of 74 first 


requires the introduction of functionality at C In 


3° 
order to activate this position 74 eis oxidized to 
ketone 75. Standard methods such as Sarett, Jones and 
Collins oxidations failed in this reaction probably 
due to skeletal rearrangements of the alcohol. The 
Oppenauer??1 method using aluminum tert-butoxide?? and 
4-benzoquinone proved satisfactory giving ketone 75 
in up to 75% yield. More recently a chromate peidarion-— 
applicable to a large scale operation appeared in the 
literature which also proved satisfactory for this 
reaction, although the yields are somewhat lower (40-50%). 
Evrdence On the exo Orlentation OL the hydroxy 
Thane GLO 1) 74 was provided by a pmr study of the effect 
Sopmcvemlanthanide shippe reagent, tris(l), iol 2723, 35,— 
heptafluoro-7,7-dimethyl-4,6-octanedionato) europium(III), 


or more simply Eu (fod) 3, on 74 and on the endo isomer 76, 


produced by reduction of ketone 75 with lithium aluminum 


89). 
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hydride. Carbon tetrachloride solutions of 74 (ca, 0.28M), 
containing various amounts of Eu (fod) , were examined by 
pmr spectroscopy. With the aid of decoupling experiments, 
complete proton assignment of the spectra was possible, 

A plot of the resulting proton chemical shifts (tT) 

versus the number of mole equivalents of shift reagent 

(C) showed a good linear relationship for C < 0.3. 

At higher concentrations of shift reagent, the chemical 
shifts slowly approached saturation. A similar experiment 
WaSecarried out with endo isomer 76. Table 5 lists’ the 
Slopes of the linear plots of the two bridging protons, 


H and H 


On 9B’ in the two compounds. 


Whereas epewereaee For the bridging protons in) 76 
areeapproximately the same; .this. 1s mot thercase in /4- 
One of the bridging protons travels downfield twice as 
fast as the other. This behaviour is just that expected 
for the) endo, alcohet land the exo alcohol, respectively. 

Hydroxymethylene derivative we was then prepared 
by conventional meebedesee from ketone 75. Subsequent 
oxidative cleavage with sodium metaperiodate according 
to a modified form of the method developed by Wolfram??> 
provided an almost quantitative yield of diacid 68. 


The pmr spectrum of the dimethyl ester of the cleavage 


product showed no evidence of the trans isomer. 
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Tablewo:. sbifect Of Eu (fod) , on the Chemical 


Shifts of the Bridging Protons in 74 and 76 


Jae eRe oie) aon 
76m R= OH. Rk = Ho 
Are 
Cmpd Hon Hop 
74 ~9.3 + 0.3 esi) fs NS" 
76 -5.6 + 0.1 = 6.24) 071 


a) The larger error associated with the slope 
LOL Hop in 74 arises from some uncertainty 
in the exact chemical shift of H in the 
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various spectra. 
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Having now achieved an efficient synthesis of 
diacid 68 which allows) 200 g of this’ material to be 
obtained in less than four weeks, the next step in the 
preparation of 57 involves difunctionalization of one 
of the double bonds of 68. The opening Ole the ei s: 
monoepoxide 78 derived from 68 with a methylating agent 
would introduce the required trans related hydroxy and 


methyl groups of a7. 


—— 57 


This conversion was performed using the method 
developed by Wilson and Kim and is fully described in 
Wilson's thesis. Their route is briefly described here 


for the sake of continuity. 
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After trying several approaches, it was found 
that introduction of the epoxide in the desired manner 
could be achieved only by direct epoxidation of diacid 
68 with 3-chloroperbenzoic aCLGf an almixture Of 
dichloromethane and tetrahydrofuran. The product ratio 
Of cis and trans epoxides was approximately 73:3, a ratio 
somewhat improved compared with earlier results. The 
preference for the cis isomer indicates that there may 
have been some directing effect by the carboxy groups 
during the reaction. The product ratio was determined 


by examination of the pmr spectrum of the dimethyl 


esters of the epoxidation products, °* 
Gi 
>= COOH ma ae COOr 
== ——— 
COOH HO. S | . > . COOR 
Own 
68 68a oO oe 
Sle home CH, 


The directing effect of a carboxy group (rather 


than hydroxy!264"b 


precedentea?*Cr4 
may be rationalized by examining diagram 68a which more 


closely represents the geometry of the diacid based on 


molecular models than does 68. It can be seen that one of 


y, 12£ 1 is indeed operating, is rarely 


937. 


to the best of our knowledge. The effect 


the carboxy groups is almost underneath the double bond which 
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is epoxidized. It is possible that the peracid was 
directed to the underside of the double bond by hydrogen 
bonding with the nearby carboxy group, 

Lithium dimethylcuprate!?’ was chosen over other 
methylating agents such as methylmagnesium chloride or 
dimethylmagnesium which attack allylic epoxides primarily 


in al,2 Pagid" 


for the reaction with 80, because of the 
cuprate's inertness to the ester function and its assumed 
low basicity. The concurrent epimerization of one of 

the carboxy groups during opening of the epoxide would 

thus be minimized. Studiest?? done: by C29 Kimven, oun 
laboratory on the reactions of lithium dimethylcuprate 

With various allylic epoxides have shown that a significant 
amount of 1,2 attack by the transferring methyl group 

can occur. For instance, in the case of cyclohexene 


epoxide 82, 83 and 84 were obtained in roughly equal 


amounts with an overall yield of 85-90%. There was a 


82 83 84 85 


~~ 


variable amount of 85 (0-23%) produced as the sole 


by-product of the-reaction. In 80 the ring system is 
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puckered, unlike the planar cyclohexene monoepoxide 
system of 82, and thus the double bond is expected to 
participate only to a small extent in the methylation 
reaction. Thus it was hoped that very little, if any, 
1,4-allylic attack by the cuprate would occur during 
the opening of the epoxide in 80 with lithium dimethyl- 
CuDEATEe. 

Accordingly, diacid 68 was epoxidized as described 
above, and was converted, without purification, into 
the corresponding dimethyl ester 81 by treatment with 
diazomethane. The mixture of epoxy diesters was then 
directly added to a cold solution of lithium dimethylcuprate. 
The reaction was very rapid. Workup and isolation 
provided a crystalline lactone 86 (mp 65-68°) in an 
overall yield of 25-30% from diacid 68, During the 


reaction the alkoxide anion attacked the methyl ester to 


provide the lactone directly. Strong evidence that 
lactone 86 had the indicated structure was provided by its 


Ppineand 1G spectra.°* ThespOssibi lity thatthe: lactone 
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might have structure 87 due to epimerization during the 

Methylation reaction was ruled out by Wilson. Deuterium 
incorporation studies endorsed this point and also that 

lactone 86 with the carbomethoxy group in the pseudo- 


equatorial position was indeed the more stable isomer 


atter all, 


87 


n~ 


Lactone 86 was an important intermediate. All 
Ore thes stereochemistry Contained in 5/7 had now been 
introduced. The next step in the synthesis was the 
reduction of the carbomethoxy groups to methyl groups. 
The obvious methodology applicable to this conversion 


is indicated below. 


RCOOR' —* RCH.OH —P- RCH 5X ——* RCH, 


X = sulphonate, halide, SR" 


Reduction of 86 with lithium aluminum hydride 
proceeded smoothly to provide the corresponding tri- 


hydroxy compound 88. Subsequent treatment with two 
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equivalents of 4-toluenesulphonyl chloride gave ditosyl 
alcohol 89. In Wilson's synthesis 89 was converted 
into the crystalline ditosyl acetate 90 with acetic 
anhydride in pyridine. Direct Tithium aluminum hydride 


reduction of 90 unfortunately led to formation of ether 91. 


pelle 


86 


al 90 


~~ ~w 


It was obvious that a more selective and milder 
reducing agent was required for the conversion. At the 


time of Wilson's investigation, Hutchins et Bue oty 


reported 
that sodium cyanoborohydride in hexamethylphosphoric 
triamide was capable of reducing tosylates, bromides 

and iodides to the corresponding hydrocarbons under 
relatively mild conditions. The reported yields are 


excellent, often greater than 90%, and the reagent is 


iiert to most of the other common functional groups 
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(e.g. aldehyde, epoxide, ketone, ester and nitrile). 
The ease of the reduction follows the order of softness 


of the leaving group. 
ie ee OTS 


Model studies carried out by G. Spessard with 
compound 92 prepared from 4-hydroxycyclohexane carboxylic 
ies oaetone. 7 - showed that forcing conditions were 


mecessary (extended miecating at 120"; poor yield)mtc convert 


TsO CH, I 
eee a oo 

OH OH OH 

92 94 93 
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the tosylate into a methyl group. However, if the 
tosylate were converted into the corresponding iodide 93 
the reaction proceeded under much gentler conditions. 
Ties result 1S in accorG with Pearson's Hard and (Soft 


Acid-Base Principle, +>? Since iodide and hydride are 


bothwsolLt bases. 
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On the basis of this model study, 90 was 
converted into diiodide 95 by using lithium iodide in 
acetonitrile in the presence of mercury??? (to remove 
any free iodine liberated), and was then treated with 
sodium cyanoborohydride. This reaction did indeed 
yield desired compound 96 but in a maximum of 25% 
based on lactone 86. However, the result was very often 
not reproducible and there was considerable dehydro- 
iodination occurring during the reaction producing 


compound 97. 
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OAc CH, 
95 96 97 
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The overall conversion of lactone 86 into trimethyl- 
cycloheptenyl acetate 96 was proceeding in a barely 
acceptable yield, and we strongly felt that there was 
room for improvement. A more efficient reducing agent 
was required for the conversion of a sulphonate ester 
or halide into the corresponding hydrocarbon. We felt 
that this conversion represents one of the important 
processes in synthetic organic chemistry, and thus we 
devoted considerable time to discover a new methodology 
applicable to this conversion. Our investigations led 


to the development of a new cuprate reagent’-- which 
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The free hydroxy group of 90 was first protected 
as the trimethylsilyl Seneca Treatment OL 9 Se wrth 
lithium dihydrocuprate!?4°¢ gave an 86% yield of reduced 


compound 99 along with 10% recovered tosylate-containing 


Material after overnight stirring at room temperature. 
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By using the trimethylsilyl ether as a protecting 


group, 99, a compound equivalent to 96 can now be 


reproducibly obtained in up to 75% yield from lactone 86. 


This more than triples the yield obtained by Wilson's 
route and the working time required for this conversion 
is much less. This imorovement in the synthesis has now 
provided an amount (25 g) of 99 sufficient for further 


conversion to the final product. 


* 
When ditosyl acetate 90 was treated with the cuprate 


reagent, ether 91 was formed. 
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101. 


We now have a compound which meets the 
requirements of a precursor of (+)-6. In Wilson's 
route the double bond of acetate 96 was cleaved using 


135 in Cur inve te | 


a Lemieux-von Rudloff oxidation. 
studies, silyl ether 99 was hydrolysed to the 

corresponding alcohol 100 with acidic methanol. The 

reaction was complete within a few minutes and 

was quantitative. Alcohol 100 was then acetylated with 
aceticeanhydride and pyridine to give 96." The conversion 

Of 98 into 96 was nearly quantitative. When compound 

96 (derived from the silyl ether) was treated with an 

aqueous tert-butyl alcohol solution of sodium metaper- 

iodate containing a catalytic amount of potassium 
permanganate, acetoxy dicarboxlyic acid 101 was obtained 

as a white crystalline solid in 86% yield. An analytically 
pure sample (mp 110-111°) was obtained after one recrystalli- 
zation. The high resolution mass spectrum of 101 exhibits 


aeparentlon with an m/e of 260.1255, corresponding) fom ene 


required formula of C The pmr and ir spectra of 


i eo dea: 
the product are in complete accord with the proposed 
structure of 101. There was no melting point depression 
Deva mixture, of samples or 101 prepared directly via 


Wilson's route and by the more efficient silyl ether 


route. 
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Treatment of 101 with methanolic sodium methoxide 
effects hydrolysis of the acetate group, and upon 
DELaLEICativone tOnpHel,; a) white crystalline lactonicracid 
was isolated in quantitative yield after chromatography 
OneslLigcic acid. 

Subsequently we found that silyl ether 99 could 
be subjected directly to the Lemieux-von Rudloff oxidation. 
Upon acidification during the workup, the silyl ether 
was hydrolysed off and a lactonic acid, identical to 
that obtained via the two step process outlined above, 


was obtained in 87% yield. 
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An analytically pure sample (polymorphic; 
Mpebi2s1 13%, qbi9-120°) of the) lactonitc-acidewas 
obtained “after onesrecrystallization. The pmr and ir 
Spectra of this lactonic acid are identical in all 
respects to those of the natural Djerassi-Prelog lactonic 
acids (+)/-6= "(Samples of CF) 6 were kindly provided by 
Professors V. Prelog and C. Djerassi.] In addition, the 
corresponding methyl esters 25, prepared from the 
Synthetic and natural lactonic acids using diazomethane, 
exhibit identical pmr and ir spectra. Since the lactone 
ring imposes conformational constraints on the acid and 
its methyl ester, the various possible diastereoisomers 
should display very different patterns in their pmr spectra 
for the three methyl doublets. This difference was evident 
in the pmr spectra of the diastereoisomers 24, prepared 
by Bergel'son and Batrakov (see Chapter 2), although of 
course none of these compounds has the same spectra as 
Our material. The six methyl lines in the pmr spectra 
of the natural and synthetic acids and methyl esters were 
Calibrated. Agreement in chemical shift values between 
the natural and synthetic pairs was excellent, as can be 
seen in Table 6 which gives the data for the methyl 
€seers. 

Riearesultseop apmr and. cmr study of ah) -oeare 


given in Tables 7 and 8, respectively. 
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On the basis of the evidence given in this 
chapter, we are confident that our synthetic lactonic 
acid is the racemic form of the Djerassi-Prelog degradation 
prcduct. 

The synthesis of (ER from the intermediate lactone 
86 has been achieved in an overall yield of 65% tripling 
the previous yield obtained by Wilson. In addition, an 


efficient synthesis of diacid 68 has been achieved. 
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Table 6: Chemical Shifts 


of the Methyl Signals in (+)-25 and (+)-25 


Methyl 
Signal Chemicalvonreee (Hz) 
(SPAS 
1 125.6 
2 11939 
3 119.6 
4 des 4 
5 102.4 


6 96625 


from TMS 


(+) 25 


105. 


a aS J x , 
engi? && at 4 


_ 
bs 
- 7 
7 
aM ..4 
~ 
‘te 
7 


isn & 
ie’ at 
pam 4 


ig 


LOG, 


*pezeqyte ATbuorzis soueavadde Teubts 
Moe 


*pszeqte ATAYSITS souerzvadde Teubts 
*¥ 


*psazesqo st qs, JO 2OSFFO [Teus vy 


*Teubts In ou} JO uoCTRZI0d e Hbutddetazsao sem Aouenberzz But Tdnosap-°y SUTeATONa I iq 


“fp ebed oes suotzetaseaqqe Mav geycimehsali palit) Slee! JO uoTZeUeTdxs ue AOI (ke 


*% woe 
== a Sq %% %% aes or 
ae s ae q* == OT‘P oa 
Sq reat ceo * ¥ ¥*¥ a 

-- “x oo -- EOL ae 

ee ee Se ee eee 
UaGaD OT‘P 
Ce cD weg 9 2p Ww wi wi Ee) we rg a. sq 
66°8 18°8 Lime geSGe Ree Oa | pees ig gimeany Cy, 9B 1 ZH°S feo 
ere 
Pp, Pera 
(ZH) ,AITOTTATITNW pue (1) aFTUS TeOTWEYD uojz0Id 


eR gaa ac re ee eens Mn ee 
ke Pee SETS Pr Sra ae 
9-(+) JO stsATeuy azwq <4 eTaQez 


LOA 


Table 8:. Cmr Analysis of ().-6 


Signal Chemical Shift ORD? MUltiplicicy Assignment 
(ppm from TMS) 
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8.42 doublet 


ie a ae 
2 quartet Ce-methyl 
3 quartet C,-methyl 
4 quartet C,-methyl 
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qi 41.16 doublet C. 


37.20 triplet 
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CHAPTER 6 
THE LEFT HAND SIDE OF METHYNOLIDE 
Since the double bond of the a, f-unsaturated 
carbonyl of compound 96, a potential precursor of methynolide, 
has the E configuration, the reaction of a suitable aldehyde 


with a stabilized phosphorane derived from the lactonic 


O 
CH 
CH, CH, 
OO 
O OH 
H 
CH CH 
3 3 
56 


acid (+)-6, which constitutes the right hand portion of 56, 
136 


should yield a compound with the desired geometry. The 
O 
CH 
O 3 
O 
HO 
CH, CH, 
G6 
: : Sribey =, 
stereochemistry of the required aldehyde 1S esuch Vena 


2-methyl-2-pentenal 102, the aldol self-condensation product 


* . . 
GSEs pLOpanalpeor -1cs epoxide 80S canbe used ain Ehessyntheszs: 


* . 
Prepared via reduction of 102 to the corresponding 


alcohol, epoxidation, and reoxidation to aldehyde 103. 
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The stereochemistry of the double bond of 102 was 


37 


conclusively established recently although 102 has 


been known for many years. 


O 
fo) 
CH 
CH, H | 3 
CH, i 
Guin 
CH, 
LOZ 104 


103 cae 105 


G. Spessard carried out model studies to test 

this scheme and found that the Wittig reaction did indeed 
proceed in the expected manner. Condensation of 102 with 
triphenyl (acetylmethylene) anegeinsane-— = provided the 
product 104 in good yield, and subsequent treatment of 
104 with 3-chloroperbenzoic acid resulted in oxidation 
exclusively at the y,6 double bond to produce 105. This 
epoxide behaved in a normal manner, since the y position 
of the a,f-unsaturated ketone is less prone to develop a 


positive charge in the ring opening of the epoxide 


uO. 


despite its being more highly substituted, and was 
converted into diol 106 by two phase treatment with aqueous 
sulphuric acid in tetrahydrofuran. Compound 106 thus 
contains all of the stereochemical features present in 


the C.-C fragment of methynolide. 


aie 

O 

HO CH, 

La ee 
CH. 
““OH 

CH. 

106 


Epoxide 105 could also be obtained from epoxy 
aldehyde 103 directly. With 103 the Wittig reaction 
proceeds faster and in slightly higher yield than in the 
Case of 102. Since the acyl group employed in the actual 
synthesis of methynolide is expensive, and as one 
less step is required in the seetereien sequence, the use 
of epoxy aldehyde 103 is to be preferred. 

As was outlined previously in Chapter 4, the overall 
Synthetic route involves the use of an optically active 
left hand portion to resolve the right hand side of the 
aglycone during the cyclization process. Rickards et rile are 
had established the absolute stereochemistry of the left 
hand portion of methynolide, and thus 103 with the absolute 


configuration indicated (which turned out to be the (+)- 


enantiomer) was required for the Wittig reaction. The 
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use of aldehyde (+)-103 in the reaction instead of pentenal 
102 has a further advantage as noted above. 

Since (+)-103 was readily available, we first 
decided to resolve this aldehyde by utilizing an optically 


active carbonyl reagent. This work was carried out by 


H. Ona. He chose hydrazine derivative 107 as the resolving 


agent for two reasons: (1) many optically active amines have 


aN 
HN CH. 


107 


nwe 


become available, very often in both the (+) and (-) 


forms and (2) hydrolysis of hydrazones after resolution 


appears to proceed paetactori ly 


Compound 107 was successfully prepared starting 
with a-(l-naphthyl) ethylamine aga according. coOceue 
scheme shown on the next page. Hydrazine 107 was found 
to react with common aldehydes and ketones such as 
heptanal, benzaldehyde, acetone, and cyclohexanone giving 
stable hydrazones. However, with 103, the hydrazone 
product 112 was extremely sensitive toward acid, and 


chromatographic separation of the diastereoisomers was only 


Partially successtul, on a immall scale (50-100 "md):. 
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We concluded at this stage that the above method appeared 
impractical for the resolution of 103, and we decided to 


resort to a conventional, and accordingly more secure, 
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rouce to obtain the desired enantiomer of 103. 
The optically active aldehyde (+)-103 was obtained 


from the (+)-dihydroxy acid 115 prepared according to the 
141 


method reported by Bergel'son. Propanal was subjected 

HO 9 fo) 

3 i O 

“OH 
CH. CH. 
(+)-115 Gh) = 108 
wee a? ; 

to an aldol condensation to give 102, which was 


then oxidized with silver oxide to the corresponding 


carboxylic acid 113. This acid was then epoxidized 
O O 
a 3s eon 
cing. a eas 
CH, 
113 
O 
C 
Saale aes CH es 
(+)-115 O 
CH. 


(t)-115 114 
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using hydrogen peroxide and acetic acid to give Lia which 
was immediately treated with aqueous sodium hydroxide “to 
Give thesracemic diol carboxylic acid 115. 

Resolution of (+)-115 was accomplished with the aid 
of L-(+)-threo-2-amino-1-(4-nitrophenyl)-1,3-propane diol. 
After hydrolysis of the [(+)base-(+)acid] salt, crystalline 
(F) 2k SR-dihydroxy—2R-methy Ipentanoic acid, melting point 
149-151°, was obtained in 98% yield. The resolved acid 
had false ed eo peel ie (c Be02F HO) which indicated ae optical 
PuLley OL at least 956 based on Lhe ‘obiginal Literature 
(vide infra) .*"* 

Acid (+)-115 then was converted into its methyl 
ester 116 using diazomethane.. The (-)-enantiomer of this 


wm 


ester could not be detected in the omr spectrum (see 


experimental). Ester 116 was then converted into 
HO O HO © 
OGH | OCH 
CH, 3 al dehy 3 
“OH “OTs 
CH. CH, 
116 117 
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CH H CH OCH 
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mMonotosylate 117 in 83% yield, and subsequent treatment 


with triethylamine effected cyclization to compound 118. 


Careful reduction ‘of ester 118 with diisobutylaluminum 


hydride? *? produced the desired optically active epoxy 


~nww 


aldehyde (+)-103. 
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CHAPTER 7 


COMPLETION OF THE SYNTHESIS OF METHYMYCIN 


This chapter is included at the request of 
Professor Masamune in order that a complete report of the 
total synthesis of methymycin is available in a single 
thesis. The experiments in this chapter were carried 
out by H. Yamamoto and A. Fukuzawa, who worked on the 
aglycone synthesis and the attachment of the sugar residue, 
respectively, and by S. Kamamta and W. Schilling who conpniniees 
to tre development of the mercury(II) reagent used in the 


cyclization of methynolide. 
A) SYNTHESIS OF METHYNOLIDE 


We now have available the resolved left hand portion 


(+)-103 and the racemic right hand portion (yO of sehe 


aglycone precursor 56. All of the required stereochemistry 
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of methynolide 14 has been introduced into the former two 
fragments. The problem thus remained to join 103 and 6 


together, followed by opening of the epoxide with 


subsequent lactonization to give methynolide. 


14 


~~ 


We began our investigation with a study of 
methyl ester 25. The 6d-lactone ring of this compound 
is very stable and recloses rapidly upon acidification 


of the hydrolysed form i eOG thesmethy eeste rma rt 
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was estimated that the lactone of 25 is opened by hydroxide 


at least 1000 times faster than the methyl ester is 


hydrolysed. We hoped to make use of this high reactivity 
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by employing a stabilized phosphoranes > to open the 
lactone. Model studies carried out with 5-hydroxy- 


pentanoic 1,5-lactone 120 were very successful. 


Reaction of 120 with triphenylmethylene phosphorane 
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gave the new ylid 121 and subsequent treatment with 
benzaldehyde provided compound 122 in 30% yield. 
However, when the same reaction was attempted on 25, 


elimination occurred to form 123 dues to the basic 


nature of the ainerssinemete. Thus we were forced to try 
O 

O He 

5 HO ele 
—— 2 > [CHs)5? rs 
CH.O Lt ie O 
CH, CH, CHO OR 
CH. 
123 122 eRe 
AnOEYeCt routes: in “order to obtain 124. The potassium 


salt of 119 could be obtained in quantitative yield by 
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treating 25 with potassium hydroxide in aqueous 
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tert-butyl alcohol. Because of the ease of lactone 
formation, which proceeds even at pH 7, the free carboxylic 


acid 125 COULG Snot be LEsOlated. Treatment, of 119 
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with phenacyl bromide in an attempt to trap the 
Carboxylic acid) led to recovery of lactone 25.  Theretore, 
we resorted to another more efficient method to trap 
either the hydroxy or the carboxy group of Lae, before 

- Ying closure could occur. A reagent which met these 
requirements was tert-butyldimethylsilylimidazole.+*/ 
Reaction of 119 with four equivalents of the imidazole 

in N,N-dimethylformamide produced disilyated compound 126. 
Careful partial hydrolysis of 126 with 0.95 equivalents 
of potassium hydroxide gave siloxy carboxylic acid 127 

in 903 yield from lactone 25. The carboxy function was 
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Corey.) reports that silyl esters are hydrolysed approx- 


imately twenty times faster than silyl ethers. 
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clearly evident from the presence of the broad hydroxy 
absorption from 3400 to 2300 cmt in the ir spectrum, 
accompanied by a carbonyl peak at 1705 cm, The 

Silyl ester peaks at T 9.12 (OH) angie (6H) which were 
present in the pmr spectrum of 126 were absent from the 
spectrum of 127, further confirming formations or the 
Carboxylic acid. "Since 127 was relatively sensitive 
towards acid (hydrolysis and lactonization back to 25) 

and base (elimination to produce 123), transformation of 
127 into the corresponding acylmethylene phosphorane 


required careful selection of reaction conditions. 


Conversion of 127 into imidazolide 128 with N,N-carbonyl- 


diimidazole,}*® followed by treatment with one equivalent 
O 
CH 
119 a 3 
~~~ O 
CHO OR 
CH, 
126 R' = R= Si (CH) 5C (CH) 3 
127 Res =i Ro Si (CH) ,C (CH), 


of salt-free triphenylmethylene BhOepborane ee in benzene 
led to the desired Wittig product 124 in 95% Vile dene 
signals in the pmr spectrum of 124 were assignable. 

The vinyl absorption appearing as a broad doublet at 

t 6.3 in the pmr spectrum along with the 1535 cm) 


absorption in the ir spectrum confirmed the formation of the 
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Phosphorane. An interesting feature of the pmr spectrum 
was the presence of two methoxy signals at t 6.47 and 
6.53 in the approximate ratio of 1:l. We believe that 
phese twojsignalsvare present since the product is a 


Mixture, of -both the, s-trans and S-cls PSOMerSe OL Ae 
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The introduction of the phosphorane proceeds under 
essentially neutral conditions. The ylid initially 
attacks the imidazolide to produce salt 129. Since 
the pKa's of acylphosphoranes normally range between 
4.5 and to the imidazole anion (pKa 15) was able 
to instantly abstract the acidic methylene proton to 
form imidazole and the new phosphorane 124, The 
use of two equivalents of triphenylmethylene phosphorane 
as recommended in the literature!4°4 must be avoided, 
Since elimination to 123 or its equivalent occurs 
readily. 

Reaction of 124 with aldehyde (+)-103 in 
refluxing toluene for two days effected condensation 
to produce a diastereomeric aldyerae (presumably 1:1) 
of 130 in 60% yield. Despite the fact that the product 
is obviously a mixture, the pmr of the product was 
extremely clean indicating that the magnetic influence of 
one portion, the right hand side for instance, on the 
other is only slight, as might be expected. Again all 
pmr signals were assignable. The newly introduced double 
bond clearly had the E configuration since there were a 
batreoLscoublets in the pmr spectrum at) 7% 3-32) and 
SvO4avibtnean boul coupling, which 1s typical@oL 
erans-coupled vanyl protons... The double bond was 
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and by a 1690 em? peak indicative of an a,f-unsaturated 


ketone. Treatment of 130 with aqueous sulphuric acid 
in tetrahydrofuran effected opening of the epoxide to 
give 131, a potential methynolide precursor. This 


diastereomeric mixture again showed discernible ir and pmr 
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Signals attributable to all of the functionalities present 
nina oye ke 

Unfortunately, all attempts to hydrolyse seco- 
ester 131 to the corresponding seco-acid met with failure. 
TOtalwdestuuceionsor sehne skeleton vias reverse aldol 
and elimination reactions occurred. Compound 131 was 
thus a dead-end compound without the aid of a suitable 
enzyme (e.g. carboxy esterase) to hydrolyse the methyl 
ester. 

The successful formation of seco-ester 131 was 
however, very encouraging. It was only necessary to 


Substitute an appropriate protective group for the methyl 


ester portion of 131; The protecting ester must exhibit 
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reasonable stability towards both acid and base, and must 
also be removed with great ease. It would also be 
desirable if the removal of this protecting group could 
be accompanied by lactone formation. The S-tert- 
butyl thioate group was selected for use in the 
modified route to methynolide. 

When acid ehicride 132, obtained from) 6 by treat- 
Ment with oxalyl chloride in benzene, was reacted with 
2-methylpropane-2-thiol, the C., position of thiol ester 


2 
133 was epimerized, presumably by the hydrogen chloride 


evolved in the condensation reaction. Standard 
Schotten-Baumann conditions gave only about a 50% yield 


Borgo sae. te Wwasetheretone necessary) LOmEind ay more 
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efficient and milder method of making this thiol ester. 

As this entire project developed, it became increasingly 
Clear that there was a need to invent a general, selective 
procedure tor the preparation of thiol esters) A grear 


deal of effort has been expended towards this goal, and 
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the satisfactory outcome is discussed in detail in Part II 
of this thesis. In the case of the conversion of 6 

into 133, . the problem turned out to be simple because 

of the availability of acid chloride 132. Thus, the 
reaction of 132 with thallium(I) 2-methylpropane-2-thiolate 
was found to proceed quantitatively, with no epimerization, 
to give 133. This thiol ester was then reacted further 


following the methods described above for the conversion 


of 25 into 131, to give seco-thiol ester OD 
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139 
R= SC (CH3) 3 
Qo Si (CH) ,C(CH,) 4 


The thiol ester function survived all the operations as 
indicated by the pmr and ir spectra of each intermediate 
(134 - 138) and 139. These spectra match very well with 
those of the corresponding methyl ester compounds, except 
Ofcourse for the absorptions due to the different ester 


functions, and are described in Chapter 8 which deals 
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with the experimental procedures. The s-trans and s-cis 
mixture was again discernible in the pmr spectrum of the 
Phosphorane, and the E configuration of the double bond 
introduced via the phosphorane was evident from the 
large coupling between the vinyl protons. The thiol 
ester has a typical ir absorption band at approximately 
1675 cm > and there is a sharp singlet in the pmr spectrum 
at about t 8.55 due to the tert-butyl] protons of the 
thiol ester. 

We first investigated methods for the activation 
of thiol esters in preparation for cyclizing 139 CO 


methynolide. Model studies for the oxidative 
149 


activation GES A 0B ingorger to ertcet direct conversion 
into its esters and acid were encouraging. The addition of 
O O 
SC(CH..) OR 
3:5 ' 
140 141 
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three equivalents of 3-chloroperbenzoic acid to a 1:3 
mixture of 140 and an alcohol in dichloromethane at -70° 
and subsequent warming to room temperature, Over two 
Nours, provided the corresponding esters 141 in yields 
ranging from 75 to 95%. Alcohols used were methanol, 


cyclohexanol, cyclohexylmethanol, 2,4-dimethylpentan-3-ol, 
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and 4-methyloct-5-ene-7-one-3,4-diol. Under the above 


conditions 140 was oxidized to the o-carbonyl sulphone 


142 or to the corresponding sulphite ester 143 
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of cyclohexanecarboxylic acid. These intermediates 
were readily attacked by either the alcohol or the 
3-chlorobenzoic acid present to provide compounds Meee) 


andes 1447 respectively, at, Che initial stage or) the 


reaction. The latter compound reacted further with the 


O 9 
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Cl 
144 
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hydroxy compound upon prolonged heating, and high yields 


Led 


O£ 14l were eventually attained. In the absence of external 


nucleophiles such as alcohols however, 142 and/or 143 
appear to undergo a complicated series of reactions 
including disproportionation and further oxidation.” 


ineorder to cotain the £ree carboxylic acid, 


was carried out in aqueous tetrahydrofuran. 
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However, when attempts were made to lactonize 
139 directly using the oxidative activation method, 
extensive formation of what appeared to be a mixture of 
the anhydride of 145 and the mixed anhydride of 145 
and 3-chlorobenzoic acid took place. The mixed 
anhydride with 3-chlorobenzoic acid was clearly too 
weak to effect lactonization and more powerful activation 
was required. Thus seco-acid 145, obtained by oxidative 
hydrolysis of 139 in wet tetrahydrofuran, was treated 


with 1.2 equivalents of trifluoroacetic acid anhydride 


in benzene. The selection of conditions was difficult, 
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but eventually the above procedure led to what appears to 
be a maximum yield attainable by this method. These 
conditions were sufficient to hydrolyse the Pays ether 
as well as to effect Recon etcon to methynolide. 


After recrystallization trom ether—-hexane, the synthetic 
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methynolide was obtained in up to 25% yield. This yield 
is based on the amount of the desired diastereoisomer, 
estimated to be 50%, present in 139. The fate of the 
other isomer has not been defined but appears to be 
uncyclized under the conditions employed for the 
lactonization, The identity of the synthetic material 
was evident by spectral comparison, including CD which 
indicated 95% optical purity of natural methynolide. 

Because of the fluctuation in the yield and 
difficulties encountered in optimizing the lactonization 
conditions, a more reliable and direct lactonization of 
139 to 14 was sought. 

The electrophilicity of mercury (II) ,/°° in paxticular 
towards bivalent sulphur (soft-soft combination), is well 
known.+>? Examples include the oxidative cleavage of 
dithianes. However, it 1s rather surprising that 
reactions of mercury(II) and isoelectronic thallium(z11)*>7 
with thioates have received virtually no attention in the 
past except for presumably only two reports which appeared 
in the 1920's. Sachs describes that mercury(II) cleaves 
S-ethyl ethanethioate, with extreme ease, to form 
Sulphur-containing mercuric Sal coe It was hoped that 
tPyrsmattant ty. OL mercury (1 ly icould besextended jvroythe 
formation of esters and lactones from the corresponding 


S-tert-butyl thioates. Model studies were again carried 


out using 140. Ester formation was studied with respect 
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to reagent, solvent and the alcohols to be condensed. 
The results are summarized in Table 9. For secondary, 
tertiary, and hindered primary alcohols, the reaction 
Proceeds very efficiently at room temperature when 
mercury (II) trifluoroacetate in acetonitrile is used. 
More recently, the corresponding mesylate has been used 
with even greater success. The combination of mercury (ITI) 
chloride and cadmium carbonate is the preferred choice 
for the formation of methyl and ethyl esters. Mercury(II) 
acetate and thallium(III) salts were found to be inefficient 
dt Dringing about esterification. 

The reaction mechanism for the esterification 
is not entirely clear. It was found that in the absence 
Gf alcohols, a mixture of 140 and mercury (II) 
trifluoroacetate forms cyclohexanecarboxylic trifluoro- 
acetic anhydride, as confirmed.by ir spectroscopy. 
However, preliminary control experiments appear to indicate 


that the efficient ester formation with sterically hindered 
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alcohols proceeds mainly through co-ordination of the 
alcohol with the mercury(II), followed by collapse into 
the ester and mercuric salts. The mixed anhydride is 
converted approximately ten times more slowly into the 
oxy-ester, under the specified conditions, than when 

the reaction is carried out in the presence of mercury(II). 
This indicates that at most 10% of the product is derived 
Vila ene mixed anhydride. sThe extent, €O which this 
co-ordination process competes with the conventional 
mixed Ba ear tae pathway also seems to devend largely 

On the structures of the alcohols used. 

In order to test the extension of this esterification 
method to the formation of lactones, (2 )=0, O-dimethy1= 
zearalenone seco-acid ethylene ketal ge was used as 
a substrate. Thiol ester 147, dissolved in acetonitrile 
at room temperature, cyclized immediately upon addition 
Of two equivalents of mercury (11) trifluoroacetate to give 


a Near quantitative yield of lactone 1438. 
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This new method of lactonization was then tried 
on 139. Use of two equivalents of mercury(II) trifluoro- 
acetate, to activate the thiol ea Or 139, an 
acetonitrile effected lactonization to the silylated 
methynolide 149 in one hour. This material was identical 
in all respects to 149 prepared from natural methynolide. 
The silyl ether was then hydrolysed with a tetrahydro- 
furan solution of tetrabutylammonium fluoride to afford 


14 consistantly in 20-30% overall yield from seco-thiol 


nw 


ester 139. In view of the difficulty involved =in forming 
O 
CH. 
ie CH 
i339 SSS CH5 O 3 ——» Methynolide 
O OR 14 
CH, CH, 
149 
Rosso (CH,) he (CH, ) 3 


a twelve-membered lactone ring, in particular in the 
case of methynolide, due to the expected van der Waals 
interaction of the three inner hydrogen atoms discussed 
in Chapter 4, this yield must be deemed to be a great 
SEiceeco ELEC Ghivays OUurTeInl tial Ob JeCti Ve, au Lest ror 
our prediction based on the conformational analysis, 


has finally been achieved. 
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B) CONVERSION OF METHYNOLIDE INTO METHYMYCIN 


eee 


In order to complete the synthesis of methymycin 


the only remaining task was to effect glycosylation!>* 


Of methynolide 14 with desosamine 150. 


Glycosylation of tert-amino sugars has never 


been achieved previously, and it was anticipated at 
the outset that this would present some problems in 
completing the present task. There are two functional 
groups attached to desosamine at sites other than the 


anomeric centre. The hydroxy group at the C.s position 


2 
can be protected during the process of glycosylation by 
acetylation, since it is known that the resulting 


2'-acetoxymethymycin can be hydrolysed to methymycin. 
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The second problem involves the dimethylamino group 
at the C3 position. It was expected and indeed was 
Very evidenteingecarly experiments that if this. group 
becomes free (deprotonated) during the glycosylation, 
then the basic nitrogen immediately participates in 
the reaction at the anomeric centre, resulting in a 
Complex, very often intractable, mixture of products. 

In order to circumvent this unfavourable situation, 
Several attempts were made, including the use of compound 


151 derived from desosamine, to protect the amino group. 


These results are elaborated upon in A. Fukuzawa's 


research report (March 1975) and are not included in 
this thesis. Eventually we came to the conclusion that 
any modification of the amino functionality and 
subsequent conversion back to the dimethylamino group 
after the glycosylation, involved processes which 
normally destroyed the aglycone and/or sugar moities, 
and that the only practical way to meet the challenge 


was to devise conditions which would maintain the 
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dimethylamino group as the hydrochloride (or bromide) 
during the glycosylation. It wae found atter all 
that one of the simplest glycosylation procedures, +> 
the use of l-bromosugars served the purpose, and that 
any other more sophisticated, supposedly more selective, 
in terms of the a- and 8-glycoside linkage, methods 
Presented added complications in the preparation of 
necessary intermediates. 

Desosamine hydrochloride was acetylated using 
acetic anhydride in pyridine to give a mixture of the 
liopand l—peacetates 1527 and 153, respectively.°’+?° 


The 1-8 acetate could be readily separated by fractional 


OAc 
(CH3))N AcO ne (CH.) N AcO 


crystallization from its l-a anomer using a chloroform- 
ethyl acetate solvent system. Pure 153 was obtained 
as a white solid (mp 194-195.5° decomp) in 78% yield. 

A typical axial-axial coupling constant between 
vicinal protons on a cyclohexane ring is in the range 
of 5-10 Hz, and the corresponding axial-equatorial 


Coupling is 2-3 Hz. With this information it 1s a simple 


; 
ae* tpe at mM ey af 


Sel 


PRE my rt hetarsa aus 


42 pnw jemayt 1 AO? ae 7 7 
sso" ah we eqn veo planttqos & 
. 7 
sa jaf. 
ebowlie jepson ret a bee 
i i, ae iden 
fal F teh ri ‘i a a 2 
sty 
= 7 - 
2c wn I : 
f ib de , : 
i 4, 
4 Le peepee a ce 
' & it~ pl) ‘3 
} 
: 
e ‘? 
j 7 
¢ af : 
bg lt 
f 
- 7 
_ - 
} re - 
4 
7 7 yy 
sl py, eee opel: GPL) Be 
‘eae @ ae OUP - 
“ 
’ i he | ee< 
; - r 
fa Cte 81? ne 
. rr | os y) 
i ie r { ' pk Fae i. ns a 


¥ iqs9 


oT 


‘ 


ap 


“Be 


> 


eae 
st Pau % 


7 
v3 chal bak sy oxic’ 


7 f fot 
- whouaig ¥R> ee 7 ¢ sia gl in, wt a “aq r) 


Hae fee 


matter to identify the a- and f-acetates. There was 

a 7 Hz coupling between Fy and H of acetate 153, 
which is in the expected range for an axial-axial 
coupling. The corresponding coupling in the B-anomer 
152 was 3.5 Hz. In both anomers, the coupling between 


nw wn 


H and H3 Wacml Qi z dSeant Lcd paced, 
Treatment of 153 with hydrogen bromide in a 

mixture of acetic acid and acetic anhydride gave a 

quantitative yield of the unstable l-a-bromo-2-acetoxy 

hydrobromide Maye The anomeric assignment was again 

based on the coupling between the protons on Cy and 

Cc, in the pmr spectrum of 154. There was a 4 Hz coupling 


between these protons, and thus 154 is the a-anomer. 


This sugar was a crystalline but rather unstable solid 


(mp 159-168° decomp) and the crude product was employed 
WELHOUG further puritvcation. for the next ‘step- 
With bromide 154 in hand, model studies were 
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glycosylation. When one equivalent of 154 was reacted 
with cholesterol using eae 22 as a solvent, a 

40% yield of the B-glycoside hydrobromide 155 was obtained 
(mp 252-254°) after chromatography. When three 
equivalents of i ae were used, thesyieldsor 155 increased 
to 72%. The fact that only the 8-glycoside was produced 
was deduced from the characteristic axial-axial coupling 
Ont Hy and H. in the pmr spectrum of the purified material. 


The choice of lutidine as solvent is clear, since any 


Wao 
AcO “~ CHOLESTEROL 
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base stronger than lutidine, or the use of silver or 

mercury salts to try and ees the yield, resulted 

in complete destruction of the sugar moiety, as discussed 

earlier. 
Use of 2,4-dimethylpentan-3-o0l, an alcohol 

more hindered than cholestrol, as the substrate 

provided a 67% yield of a mixture of o- and B-glycosides i56. 
The synthetic pathway to obtain methymycin called 

for reaction of methynolide with 154 to give 2" -acetoxy— 
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methymycin hydrobromide 157, with subsequent hydrolysis 
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to produce methymycin. Before proceeding with the 
glycosylation of the synthetic methynolide, 157 was 
prepared from naturally occurring methymycin in order 
to have an authentic sample of 157 for comparison. 


Acetylation of methymycin was carried out under 


Ly, 
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standard conditions and resulted in a mixture of 
2'-acetoxymethymycin and At Wiatvncadasmavnriweia — 

which was separated by preparative thin layer chromatography 
(ptlc). Treatment of the monoacetoxymethymycin with a 


chloroform solution of hydrogen bromide gave a quantitative 
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The synthetic methynolide was then treated with 
tTneee equivalents of freshly orepared 154 in anhydrous 
ImEldi ne fOre Sehnours at 50°. ‘The product was asolated 
by ptlic, and the ir spectrum of the material was found to 
be almost superimposable upon that of authentic 157. 

The only observable difference was a small peak at 

1012 cm + due to the presence of the a-glycoside in the 
product. No attempt was made to separate the anomers 
at this stage. 

The mixture of a- and 8-2'-acetoxymethymycin 
hydrobromides was then hydrolysed in a mixture of methanol 
and triethylamine to provide a readily separable 1:5 
mixture of the a- and 8-glycosides. This mixture was 
puritied by ptlc without difficulty. The spectra of the 
synthetic 8-methymycin were identical with those of 
authentic methymycin. 

Drs. D. W. Westlake and L. Bryan of the Department 
of Microbiology at the University of Alberta kindly 
determined the antimicrobial activity of the synthetic 
methymycin (f-glycoside) and its anomer (a-glycoside) 
against Streptococcus pyrogenes group A, type 5. lhe 
synthetic compounds exhibited 100% and approximately 20% 
activity, respectively. 

The total synthesis of the macrolide antibiotic 
methymycin has now been completed. The majority of the 


soy) 
work discussed in this thesis has recently been published. 
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CHAPTER 8 
EXPERIMENTAL 


All melting points and boiling points are 
uncorrected. 

The pmr and cmr spectra were measured with 
Varian Associates A~-60 or HA-100 spectrometers and a 
Bruker HFX-10 spectrometer, respectively. Tetramethyl- 
Silane was used as an internal standard unless otherwise 
stated. All coupling constants are reported in Hz. 
In reporting pmr spectral data, the following abbreviations 
are used. 


Ss Singlet 


=e 


d ; doublet 
aS eri pVvet 
GQ? equa Bncvet 
quin ; quintet 
Septy 7) septet 
Mey muiltaplet 
ivy y)  levelevens' 
c ; complex (one or more small couplings which 
overlap the main splitting). 
The ir spectra were obtained on a Perkin-Elmer 
Model 257 infrared spectrometer. All absorption 
il 


positions are reported in cm In sneporumng 1b “spectral 


absorptions, the following abbreviations are used. 
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The mass spectra were obtained with A.E.I. MS-2 
and MS-9 spectrometers. 

The glpc analyses were performed on a Hewlett- 
Packard model 7620 research chromatograph equipped 
With. Gtex 20.5 CM) COLUMNS “(packing andicatedain sthe 
text} and a flame ionization detector. 

The pH 7 buffer solution was prepared by 
dissolving potassium dihydrogen phosphate (9.1 g) 
and disodium hydrogen phosphate (18.9 g) in water and 
adjusting the total volume to 1 l. 

All reactions were carried ou under fa dny. 
argon atmosphere. A rotary evaporator (water aspirator) 
was used for the removal of solvents from all reaction 


mixtures unless otherwise specified. 


Bisfumaronitrile Nickel (0) 

The reaction was carried out in a fume hood 
because of the toxicity of the nickel(0) tetracarbonyl. 
The procedure used was that reported by oCHnat era 


Nickel (0)e tetracarbony! (Ca. > mil, 036 mM ) 


waceadded to 1a solution of fumaronitrile (2.0) 9, 25,.m™) 
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in anhydrous acetone (30 ml). The orange-red mixture 

was refluxed (dry-ice condenser) for 6 hr and then the 
heat source was removed. The reaction mixture was stirred 
at room temperature for 18 hr in order to allow the 

excess nickel(0) tetracarbonyl to evaporate. The 


red-brown pyrophoric complex was collected by filtration 


through Celite to give 5.4 g (100%) of product which was 
used directly in the subsequent dimerization of 
norbornadiene. The filtration was carried out in an 


argon-filled glove bag. 
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PemeacyCcloe. 2 1. (la 10 0 ]tetradecanes (70-72) 


The procedure used was that reported by Schrauzer 
and coworkers?t® who carried out the reaction in a sealed 
eUpe. a weldoO NOT recommend sthis mechodsunlesss tne 
reaction vessel is placed Gagtiale a heavy-walled steel 
apparatus. During our initial experiments an explosion 
occurred when the reaction was carried out without this 
precaution. The explosion completely destroyed a blast 
shield and caused extensive damage to the fume hood 
in which the reaction was carried out. 

AamMIxticero pDicyolo|2. 2.1 none=2, >-diene 
(Siomdgu4e lM) bistumaronitrvle nrckel (0) (10259 9,4 50 mMje, 
and triphenyl phosphine (42 g, 160 mM) was added to an 
argon-purged pressure bottle (ca. 1 1 capacity, 5 mm 


thick walls). The bottle was cooled to 0°, evacuated: and 
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sealed. The bottle was then placed inside a stainless 
Steel hydrogenation apparatus and the reaction heated 
to 100°. After 48 hr the reaction was cooled to room 
temperature and the hydrogenation apparatus cautiously 
Opened. The pressure bottle was cooled in an ice bath, 
opened, and pentane (400 ml) was added to the flask. 
The mixture was vigorously shaken and then filtered 
through Celite. The filter pad was washed with pentane 
(2 x 250 ml) and the combined filtrate was concentrated 
to afford 350 g of a dark brown liquid. Distillation of 
this residue gave 285 g (76%) of a colourless mixture 
Oeiedimers (bp 602) 0.3 mm) consisting mainly (Ca. 80% as 
estimated by gas chromatographic analysis) of the endo- 
anti-exo isomer 71. 

This dimeric mixture was formerly available from 
Aldrich Chemical Company Inc. The pmr spectra of the 


commercial product and our synthetic dimer are identical. 
pmr (CCl ,): To 32 5—4ele (mi, 4H) 70575 (Mm, 4H) GD 
(mi, 4H)) 8. 5-9..0) (mm, 4H) 


gipc: Reoplex, 140° 


145. 


a 2oe y : 


7 e s Seer 
7 7 
4, “pn 


a > ‘Aya? aot city reeks hc aks 4 

a = | 4g a, | 
: : ; a 

. o 4 Fel ey) ) new Cad a1 


¢ 
i e 


sinkg she aby 


E+ Fae gat 
fi Pat. =i, oan aes: 
2A fa 


iti ais 


a Ti 


Bicyclo[4.2.1]nona-2,4,7-triene (69) 


An abbreviated account of this preparation has 
been reported by Cannel1.++° A more detailed description 
of the reaction conditions is given below. 

The pyrolysis of the norbornadiene dimers was 
carried out in a flow system. The cracking column 
consisted of a pyrex tube (2.5 x 35 cm) packed with 
glass beads (3 mm in diameter). The column had a 
Single row of Vigreux indentations at the base in order 
to support the glass beads. The column was placed 
vertically into a Lindberg Hevi-Duty pyrolysis oven or 
was wrapped with "Heat by the Yard" tape and an insulating 
layer of asbestos cloth. A slow, constant flow of argon 
(ca. 30 ml/min) was passed downwards through the pyrolysis 
column and a three-necked receiving flask (-40°). The 
pyrolysis bed was heated to approximately 400°. The 
temperature was monitored by the pyrometer attached to 
the pyrolysis oven or, if the heating tape was used, by 
a chromel-alumel thermocouple, sheathed in stainless 
steel and inserted directly into the packed bed. The 
norbornadiene dimer was introduced by means of a 
Hershberg dropping funnel at a slow, constant rate 
(one drop every 6-10 sec; ca. 10 ml/hr) into the 
argon stream at the top of the pyrolysis column. The 


condensed effluent was concentrated (20°, 10 mm) to 
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remove cyclopentadiene and fractionally distilled 
through a 30-cm Vigréux column to afford pure triene 69 
(bp 50-52°, 15 mm) in 77% yield. 

The flow rate and temperature given above is 
OnLy a gurde Since the product distribution is a 
function of both temperature and contact time. Early 
cracking fractions should be checked by pmr spectroscopy 
in order to ensure that aromatic material, characterized 
byean soabSOrpt On at 1 2.75, 1S NOt present, and vthnat.a 
substantial amount of the dimer is not being recovered. 
The temperature and/or flow rates are then adjusted to 
obtain the optimum cracking conditions. 

This system allows approximately 1000 g of 
dimer to be cracked over a four-day period if the pyrolysis 
is carried out continuously. Each day the pyrolysate 
was concentrated, combined with the material collected 
on the previous day, and stored at -30° in order that 


only one distillation had to be carried out. 
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(+) -exo-Bicyclo[4.2.1]nona-2,4-dien-7-ol (74) 


The procedure outlined by Hooze ss was followed 


for the preparation of bis(3-methyl-2-butyl) borane. 

A solution of 2-methyl-2-butene (71.5 g, 1.0 M) 
in anhydrous tetrahydrofuran (100 ml) was added dropwise 
OVere SUT COncdecOldg(5- jin stirred solution or diborane 
(0593M,, 540° ml, 500 mM) in tetrahydrofuran. The solution 
of dialkylborane was stirred for 3 hr at 5° and then 
was added dropwise over 35-45 min to a cold (0-5°), 
stirred solution of bicyclo[4.2.1]nona-2,4,7-triene 69 
(55 g, 466 mM) in anhydrous tetrahydrofuran (150 ml). 
Upon completion of the addition, the mixture was 
Stirred at.0° sfor 2 hr; and then at room temperature 
for 18 hr. The reaction mixture was cooled to 0-5° 
and hydrolysed by first adding aqueous 3N sodium 
hydroxide (175 ml, 525-mM) in several portions and then 
aqueous 30% hydrogen peroxide (160 ml, 1500 mM). The 
hydrogen peroxide was added at such a rate that the 
temperature of the reaction mixture remained between 
30° and 40°. The resulting cloudy mixture was vigorously 
stirred for 2 hr at room temperature and then extracted 
Wwithmetier (sex, O50 ml). The combined ether extract was 
washed with water (350 ml) and aqueous saturated sodium 
chloride (350 ml), dried (Na,SO,) and the solvent 


evaporated. The by-product, 3-methyl-2-butanol, was 
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removed by distillation (bp 110-115°, 760 mm) and the 
residueswas tractionally distilled to give: 47.6 9g (75%) 
of 74 as a low-melting crystalline solid’ (bp 64-7027 
0.2 mm) 
a (CCl ,): Somom (in)se5 340) (bom). 302 5ae(m) pel oO7 aCw)e 

1029 (s) 
pmr (CCl,): TS 6) 9-476 5) (eS) ee aS 9/8 ac 11), 

Gree OSG Ol) ees) (i, eet eters Oe a) Cm TUy 5H) 


GipcsT eReopilex;, 0117 0° 


Aluminum tri-tert-butoxide 


The reaction was carried out according to the 
procedure reported in Organic Synthesis. °~ Tne cert Sbu cyl 
alcohol was distilled from calcium oxide. 

Mercury (11) chloride (ca: 1g) was added with 
vigorous shaking to a gently refluxing mixture of aluminum 
foil (128 g, 4.74 g-atoms) which had been crumpled into 
small loose spheres, tert-butyl alcohol (400 g, 510 ml, 

5.4 M) and aluminum triisopropoxide (10 g). The 

reaction mixture turned white, and then over 1-2 hr, black. 
After the reaction mixture had turned black, the heat 
source was removed and tert-butyl alcohol (488 g, 620 

ml, 6.6 M) and anhydrous benzene (400 ml) were added. 

The reaction was initiated again with gentle heating, 


after which it continued to reflux without any external 
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heating for 2-3 hr. The reaction mixture was then 
refluxed for 18 hr. ‘The benzene and excess tert-butyl 
alcohol were distilled off, and anhydrous ether (ca. 2000 ml) 
was added. The mixture was refluxed briefly to dissolve 
the product, and after the solution had cooled to room 
temperature, wet ether (75 ml) was added, followed by 
Vigorous shaking. The mixture was allowed to stand for 

2 hr and was then centrifuged. After decanting the 
supernatant ether, the residual solvent was evaporated 

and the product was finely ground, and then dried for 5 hr 
under reduced pressure (0.01 mm) to give 780 g (80%) 


of a light grey powder. 


(+) -Bicyclo[4.2.1]nona-2,4-diene-7-one (75) 


a) Oppenauer Oxidation 
Commercial 98% 4-benzoquinone was used without 

further purification. If the quinone is not of this 
BUEPty toeshourd soe, recrystallized fromenexane or 
sublimed before use. The quinone must be bright lemon 
yellow in colour and should not appear at all green 

The procedure for the Oppenauer oxidation outlined by 
Wibercgeec eee and by Bly and eer was adopted with 


certain modifications: 
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Finely powdered aluminum Cr iaveL eo vuULOntOe LODE, 
610 mM) was added to a solution of exo alcohol 74 (75g, 
5950 mM) and 4-benzoquinone (265 g, 2.45 M) in anhydrous 
ether (3.2 1). When heated to reflux, the solution 
quickly developed a deep purple colour and a precipitate 
formed. After refluxing for 24 hr, “the mixture was 
cooled to room temperature and cautiously hydrolysed 
with aqueous 3N hydrochloric acid (500 ml). The ether 
layer was decanted, and the aqueous phase was extracted 
with a further 750 ml of ether. The combined ether layer 
was washed with aqueous 3N hydrochloric acid (4 x 250 ml), 
sucous UNS Sodium hydroxide (6ex = 250; ml; (or until the 
ether was almost colourless), and aqueous saturated 
sodium chloride (2 x 250 ml). The ether was evaporated, 
and the residue was taken up in dichloromethane (500 ml) 
and dried (Na,SO,). Evaporation of the solvent at 5° 
and flash distillation of the resulting yellow oil gave 


Bog) G07 53) of ithe desired ketone: 7/5 (Vepor BO 5 Se iin s 


b) Chromate Oxidation 


The procedure for the chromate oxidation outlined 


Wee Was uced with slight moditication. 


by Rao and Filler 
exo Alcohol We (13.6 g, 100 mM) was added to a solution 

of Na,Cr,0_°2H.0 (29.8 g, 100 mM) in dimethylsulphoxide 

(150 ml). The solution was cooled in an ice bath, and 


concentrated sulphuric acid (22 ml) was added at such a 
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rate that the reaction temperature remained between 

60° and 70°. Upon completion of the addition of the acid, 
the reaction mixture was heated at 70° for 30 min before 
being poured into ice/water (600 ml). The aqueous phase 
was “extracted with ether a(5 x 1500 ml) ~) Thesether layer 
was then dried (Na,SO,) and evaporated. Distillation 

of the residue gave 6.9 g (50%) of the desired ketone. 

sll (CCl,): S044 (mip 743 SCs) 1596 “(m) 

pmr (CCl): WSC rele aoultye CUD) em TPs (Gy HEN FiOS) 


(ier LED) Fee) 4h 8100) 8 (re 93H)e, 8. 23m (dt, 


J S012 5; J, = IR eipy HO) 
mass spectrum: calcd for CoH, 90: m/e = 3 4.0722 
measured: m/e = 134.0728 


Gipe: Reoplex, 170° 


()-endo-Bicyclo[4.2.1]nona-2,4-dien-/-ol (76) 


Aw soluticn Of ketone Ye (225g, Lo. OSM) Sineethner 
(25 ml) was cooled to -78° and treated with an ether 
solution (1.64M, 5.5 ml, 9.0 mM) of lithium aluminum 
hvdridesw (The imixture was stirred for 15 min at 0°, 
Gdpiuted with ether (75 ml), and hydrolysed by the 
successive addition of water (0.33 ml), aqueous 3N sodium 
nydroxide (0.50 mi), and water (1.0 ml). Aiter stirring 
ateroom temperature tor 1 hr the mixture was filtered 


through Celite. The filter pad was thoroughly washed 
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with ether (50 ml), and the combined filtrate was dried 
(Na,SO,) and the solvent evaporated. The residue was 
Flash distilled te.give 1.96 9 (90%) of 76 as a white 
retains SOs Cem (Mpueo. 5= 3:7. 5). 

ir (CCl,): SOSUM(Wilypeso oes (mM), 3440 (5) b0S 0) e(s) 


pmr (CC1,): 1 3.80-4.60 (m, 4H), 5.73 (dt, J, = 8.7, 


d 


Deer oe tt) 2 a(bq a) 726, atl), 


Age bay 01H) 07. 64-8057, St) 


GUE Brevyelo (4m2 71) nona—3 formyl —5,«.-dren-2-one. 10/7) 


was used. Ethyl formate was dried by distillation from 
phosphorus pentoxide. 

A solution of ketone 75 (62-580,. 465). mM) and 
anhydrous ethyl formate (60 ml, 54.5 g, 735 mM) in 
anhydrous ether (100 ml) was added dropwise over 30 min 
to a cold (5°), stirred suspension of sodium hydride 
(SUsnatsperSion in mineral oil, 50 9g, 1.04°M) and 938s 
ethanol, (4. ml jean anhydrous ether (1.5 1). The 
reaction mixture was stirred at room temperature for 18 
hreand then treated’ with a further portion of 98% 
SLHanole (2ZOLmlL)n Bitten an additvonal Lihr stirring, 
watere (400 ml jewas.adaed to the reaction mixture. After 
approximately 10 min, two homogeneous layers formed. 


The layers were separated and the ether layer washed 
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A procedure similar to that described by agineyerein “7 
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with water (3 x 250 ml). The combined aqueous solution 
was washed with ether (3 x 250 ml), cooled to 5°, mixed 
with dichloromethane (600 ml), and finally acidified to 

pH 1-2 with aqueous 3N hydrochloric acid. The dichloro- 
methane layer was separated and the aqueous solution 
extracted “with dichloromethane (3 x 400 ml) .9 The combined 


dichloromethane solution was dried (Na SO,), and the solvent 


2 
evaporated to give 64.0 g (85%) of crude 77 as a pink 
Solana elle 2 iS %)s jaThe product mwas Of vsurriacient punELyY 
for direct use in the subsequent cleavage reaction. 
or (CHC1,): 3600=2500) (bm) tr L675) (syn! CO GM Cs) 
pmr (CCl,): ile COVE WoSyee tl ieee Se (Syem tl) pees ar 
NyeesH pmo. GO (bt, 2H eel a3 5-71 es a iiyeed Hl), 
Se2ou a, w= 11.6, li): 


cis-Cyclohepta-4, 6-diene-1, 3-dicarboxylic acid (68) 


The procedure for the periodate oxidation 
PepOLted soy eCOrnLorten,, COrnf&onth and Popjak 77> was followed 
with certain modifications. 

A solution of sodium metaperiodate (121 g, 568 mM) 
in water (800 ml) was added rapidly to a cold (0-5), 
stirred solution of the crude hydroxymethylene ketone 77 
(30.2 g, 186 mM) in dioxane (400 ml). Upon completion 


of the addition of the periodate solution, the cold 


reaction mixture was diluted with water (800 ml). 
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Stirring and cooling were maintained for 1 hr during 
which time aqueous 3N sodium hydroxide (130 ml) was 

added dropwise to maintain the pH of the reaction 

Mixture at 4.5-5.0. A white precipitate appeared locally 
where the sodium hydroxide solution was added, and after 
20 min a copious precipitate formed in the reaction. 

The mixture was stirred at room temperature for 4.5 hr, 
filtered through Celite and the filter pad washed with 


dpoxane .(2ee200 ml) 2 Lhe ‘combined filtrate was con— 


Ths yoye 


centrated by evaporation to approximately 1500 ml, acidified 


to pH 1-2 with aqueous 2N sulphuric acid, extracted with 
ether (1 x 500 ml), saturated with sodium chloride and 
again extracted with ether (4 x 500 ml). The ether 
extract was washed with aqueous saturated barium carbonate 
(250 ml) to remove residual sulphuric acid, and then with 
aqueous saturated sodium chloride (250 ml). The ether 
solution was dried (MgSO ,) and evaporated to give a brown 
solid which was suspended in dichloromethane (100 ml) 
andeetitered to atrord 32.0 7g) (94.5%) of diacid 68as 4 
Miant vellow Granular ssolid (mp 266-2802, decomp)... rhe 
pmr of the dimethyl ester of this product contained no 
Srcialomattrioucable to the trans Peomers = An analytical 
sample was recrystallized from ether-hexane. 


ir (KBr): 3600-2000 (bs), 1680 (bs), 1232 (bs), 1250 (bs) 
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pmr: The sample was prepared by suspending the diacid 
in D0 (0.5 ml) and adding the minimum amount 
ohn a D,0 solution of NaOD to effect the complete 
dissolution of the diacid. The pH of the solution 
was 6. An external tetramethylsilane standard 
was used. 


ta. O0s4. 405m, 4H). 6, 50+6..95 42H), 644-8 33 


(m, 2H) 
elemental analysis: calcd for CGH) 904: C5953 ies 
found: Ce 596397 Hoo 

Diazomethane 


N-Methy1-N-nitrosourea (10.3 g, 100 mM), purchased 
from Terochem Co., was added in small portions to a gently 
stirred mixture of ether (100 ml) and aqueous 50% 
potassium hydroxide (35 ml) over 1 hr at 0-5°%. The deep 
yellow ether solution was then decanted onto potassium 
Hydroxide pellets and stored at -—20° for atleast 2 °hr 
imporder to dry the solution. The dvazomethane 
concentration (ca. 0.5M) was determined by reaction of 
an aliquot of the solution with excess benzoic acid, 
followed by back titration of the unreacted acid with 


aqueous 0.1N sodium hydroxide. 
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Dimethyl cis-Cyclohepta-4,6-diene-1, 3-dicarboxylate (66) 


Methanol was added co a suspension of diacid 68 
(100 mg, 0.55 mM) in ether (2 ml) until the acid dissolved. 
After treatment with excess ethereal diazomethane, the 
solvent was evaporated, the oil dissolved in dichloro- 
methane (2 ml) and dried (MgSO ,) . Evaporation of the 
solvent. gave L169mg (100%) cf 66 as a colourless Bs 
No signals attributable to the trans-diester°4 were 
Observable in the pmr spectrum. 
i a (CHC1,): 1740 {s)> 1437 (m) 


pmr (CDC1,): 1 3.80-4.36 (m, 4H), 6.28 (s, 6H) 


6.50 (cd, J = 10, 2H), 7.47 (edt, 3, = 13.5, 
Sigs x6 LIU ot 8 aid pede 4 on deel 
1H). | 


TEC) —UCW=-96,. 19:02 


Pumlouce th lOnnOrrco len |) lodide 


The procedure of Kauffman and malaga was used. 
Commercial copper(I) iodide (225 g) was dissolved 
in aqueous saturated potassium iodide (2260 g KI in 1750 
ml of water), and the resulting brown solution shaken with 
@ecolourising carbon (ca. 10 g) for 10 min. The 
Mixture was filtered through Celite and the yellow filtrate 
diluted with water (5000 ml) to produce a copious 


WEecipitate which was collected by filtration. ~The 
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copper(I) iodide was washed with water (4 x 250 ml), 
reagent acetone (4 x 250 ml) and anhydrous ether 

(4 x 250 ml), and finally dried at room temperature under 
Peducedyprecoure 900 .0)5mm) for 16 hr to yielarlooid 

(75%) Of a very pale yellow solid. The purified 
copper(I) iodide is stable for several months if it is 


protected from the atmosphere. 


(5) Dime thy 1 475—-Bpoxycyclonept-6-ene-173-dicarboxylare (81) 


A solution of diacid 68 (10.0 g, 55 mM) in dichloro- 
methane (300 ml) and anhydrous tetrahydrofuran (120 ml) 
was treated with a solution of 3-chloroperbenzoic acid 
foot, 52 0, 04.5, mM) inedichiloromethane 9(250) mi) 
Arter Stitring for 24 hr the solution was cooled to 0? 
and esterified with an excess of ethereal diazomethane. 
The solvent was evaporated and the residue dissolved in 
dichloromethane (150 ml) and dried (Na,SO,). Removal 
of the solvent then afforded a mixture of epoxides 81 and 
methyl 3-chlorobenzoate as a colourless liquid which was 


used immediately in the next reaction. 
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(+)-Methyl 4-Methyl-7-ox0-6-oxabicyclo[3.2.2]non-2-ene-9- 


carboxylate (86) 


in, préparat1on for this reaction, all traces of 


water were removed from the mixture of moneopoxides 81 


T5939; 


by coevaporation with anhydrous xylene at room temperature. 


Anvether solution of methyllithium (126M, 35 mt, 
220 mM) was added over 10 min to a stirred suspension of 
purified copper(I) iodide (21 g, 110 mM) in anhydrous 
ether (500 ml) at -30°> During the addition, a yellow 
precipitate of methylcopper appeared which dissolved as 
che second equivalent of methyllithium was added, to 
afford a pale tan solution. The lithium dimethylcuprate 
SOLULION was stirred at —30° for an additional 30 min, 
and then a solution of the crude monoepoxides 81 in 
anhydrous ether (200 ml) was added over 5 min. The 
resulting yellow suspension was stirred at -20° for 1.5 
hr before it was quenched with aqueous saturated ammonium 
chloride (500 ml). The reaction mixture was stirred 
for 30 min at 10-20°, the ether layer decanted and the 
aqueous layer extracted with ether (4 x 100 ml). 
[The colourless aqueous layer rapidly became deep blue 


when exposed to air.] The combined ether solution was 


washed with aqueous saturated sodium chloride (2 x 100 ml). 


The solvent was evavorated, and the residue dissolved in 


dichloromethane (100 ml) and dried (Na,SO,). Evaporation 
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of the solvent, followed by chromatography of the yellow 
Restduenonwsiloeci1c) acid(500 g, chloroform), atfondacd 

the desired lactone as a white solid. Recrystallization 
frompeyclohexenes gave 3.12 g (27%) of oure 86 (mp 65-68°) 


based on the starting diacid. 


rig (CHC1,): 7 Aes) 

pmr (CDCl): Ce RS al teteleln 0p SOSA Oe ee). 
Av48 “(ddet; Jz = 10.5, 0.9, J, = IRS Pele 
Sine ae (COC y wus —— 3.) peers 0 peel il) peorre > 
(Seam eo a 2 O(N, o oH )jpae/r eee ey 
B87 V(Ciyad = 3/137.) 381) 

elemental analysis: calcd for Cy By On? GC 62204 he Oe. 

Found?) G62 ..03)1 86.30 


GDC a UCW-995 2 LO” 


(i )-3R,oR-Dihydroxymethy]—oR-hydr oxy—/ S-mechy l= 
cyclohept-l-ene (88) 


Aysolution of lactone 86 (10-5 9g, 50 mM), ain 
anhydrous tetrahydrofuran (150 ml) was treated at 0° 
with a tetrahydrofuran solution (1.0M, 200 ml, 200 mM) 
of lithium aluminum hydride. The milky white suspension 
wasedentily, refluxed for 18 hr, cooled to, 0° and ‘cautiously. 
hydrolysed with aqueous tetrahydrofuran. The mixture 
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through Celite, and the filter pad washed with anhydrous 
tetrahydrofuran (4 x 100 ml). The combined filtrate 

was evaporated and the residue dissolved in methanolic 
chloroform (1% by volume, 100 ml) and dried (Na,SO,- 
MgSO,, 1:1 by weight). Evaporation of the solvent gave 
ooo LOO 2) OF triol 88 as a.colounlessagilass. 


The traol was converted ginto.c9 wi thoutsturther puritication. 


(+) -3R, 5R-Di (4-toluenesulphonyloxymethy1) -6R-hydroxy- 


Te-methyicyelohept—l—-ene (89) 


In preparation for this reaction, trace amounts of 
water were removed from triol 88 by coevaporation with 
anhydrous pyridine at room temperature. 

Avsolutron vol triol 838 (9.3 9g, 50 mM) and 4-toluene= 
sulphonyl chloride (19.19, 101 mM) in anhydrous pyridine 
Gi2oenlawas  StOredsate0" FOr 240hre The mixtures was 
concentrated under reduced pressure (0.01 mm) to 
-approximately 25 ml, poured into cold (5-10°) aqueous 
IN hydrochloric acid (200 ml) and extracted with ether 
(4 x 125 ml). The combined ether extract was successively 
washed with aqueous 1N hydrochloric acid (2 x 100 ml), 
water (2 x 75 ml), and aqueous saturated sodium chloride 
(75 ml). The ether was evaporated and the residue 
dissolved in dichloromethane (150 ml) and dried (Na,SO,). 


Removal of thé solvent gave 21.7 g (88%) of oily 89. 
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This compound is unstable towards silicic acid 
chromatography and was used directly in the next reaction. 
Sie (CHC1,): goa (bil), 3035 and 3010 (mj), 1600 \(m)> 
1360 (s), 1178 and 1190 (s) 
pmr (CDC1.,): tT 2.10-2.86 (m,8H), 4.41-4.64 (m, 2H), 
SSO -0 7 59a (It, s OH), 7/2 30-0. 40 (yor) a, 
So 0 Wm, 2H); 9204 (di, 3 = 7, 3H); 


TROD. (Sy aryi-CHe) 


3 


mass spectrum: calcd for C1785 594 


325 (P-TsOH): m/e = 322.1239 


measured: m/e = 322.1245 


(+) -3R, 5R-Di (4-toluenesulphonyloxymethy1) -6R-acetoxy- 


vormethylcy.clohept=!—ene 1(20) 


A solution of alcohol 89 (494.6 mg, 1.0 mM) 
and acetic anhydride (615 mg, 6.0 mM) in anhydrous 
DY ELdines\ 2 OnmMUewas Stored at 0° ior 40 ihr. a thersolvent 
was then removed under reduced pressure (0.01 mm). 
The residue was dissolved in benzene-pentane (1:1, 25 ml), 
washed with aqueous 1N hydrochloric acid (5 ml) and 
aqueous saturated sodium chloride (5 ml), and dried 
(Na.SO,). Removal of the solvent afforded a pale yellow 
viscous oil which slowly solidified. Recrystallization 
from ether-hexane (1:1) gave 467 mg (87%) of 90 as fine 


white crystals (mp 114-115°). 
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ir (CHC1,): 1738)\(5)4 16029 (m)y- 13709 (bs}> 11000%Ss) 
1024° (m)¢>975- (bs) 

pmr (CCl,): terete. — 2560 (mM, 8H), 4.28-4.88 (m, 2H), 
Ae US 5iee 2M ye LH) sy) 6 In ee a) ey 
Pedid=7-90) (mm; 9H); 8506 (e739), 
S36>8.879(m; 2H), 69.05) (d, 35=7," 3H) 


te woe! LS; aryl-CH,) 


LOS 


elemental analysis: calcd for C.-H,.0,S Ce 2.0L yee Ol: 


26. 3 ene 


found #7 (C 56765, 46.20 


Reaction of 90 with lithium dihydrocuprate 


An ether solution (1.6M, 3.75 ml, 6.0 mM) of 
methyllithium was added to a stirred suspension of 
purLritited copper(1) iodide (570 mg, 3.0 mM) in anhydrous 
Senet mol Oeml) sac. 30°... Toy the pale yellow solution of 
lithium dimethylcuprate was then added, with stirring, 
an ether solution (0.3M, 10 ml, 3.0 mM) of lithium 
aluminum hydride, and the solution allowed to warm to 
room temperature. As the reaction mixture warmed, a 
bright yellow precipitate appeared. After 10 min at 
room temperature, the stirring was stopped and the super- 
natant ether removed by syringe, Fresh ether (25 ml) 
waseadded, the reaction stirred for | min, and the ether 


again replaced with fresh anhydrous ether. 
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Ditosyl acetate 90 (268 mg, 0.50 mM) was added 


to the cuprate solution and the reaction stirred at 
room temperature for 2 hr, The reaction was then 
quenched with aqueous Saturated ammonium chloride 
(5 ml) and the ether solution dried (Na5SO,) and 


evaporated to give 70 mg (92%) of 91 as a colourless 


Oil.) This compound as identical to the material obtained 


by reaction of 90 with lithium aluminum hydride. 

pmr (CC1,): tse oars a(n 2) 70.0) (mi, 2H) 
Boles Weis UW a des hee) ar acy iy Ms) 
Poe ties (tig Ssh CWS. g/  (éal diel 
S295) (t,.J = 7.2,) 6H) 


mass spectrum: 152 (P) 


gipe: —UCW-98, 140° 


(+) -3R, 5R-Di (4-toluenesulphonyloxymethy1) -6R- 


trimethylsiloxy-7S-methylcyclohept-—1-ene (98) 


i 


A solution of ditosyl alcohol 89 (11.2 4g, 
25 mM) in anhydrous pyridine (100 ml) was treated with 
freshly distilled trimethylchlorosilane (6.75 g, 
62.5 mM). The mixture was stirred at room temperature 
for 2 hr before the solvent was removed under reduced 
pressure (0.01 mm). The residue was taken up in ether 


(200 ml) and washed with water (50 ml), aqueous 1N 


hydrochloric acid (25 ml), and aqueous saturated sodium 
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chloride (25 ml). The ether was then dried (Na,SO, ) and 
evaporated to give 13.9 g (98%) of 98 as a colourless 
Oil which was used immediately in the next reaction. 
pmr (CCl,): 1 2.1-2.8 (m, 8H), 4.5-4,8 (m, 2H), 

Ja 7eOnde (i) 4H) 7 Pe se See (ye L0H), 

Belo ce. (Ne OH). LOe 0s, 9H) 

tiie Os, ary1-CH,) 


: ey) : 
mass spectrum: calcd for Cj 7H550, S [P-(TsOH and OSiMe,)]: 


M/epenae las 


measured:) m/e i220 240 


(+) -4S-Trimethylsiloxy—3S,5S,7R-trimethylcyclohept-1-ene (99) 


A solution of silyl ether 98 (2.84 g, 5.0 mM) 
in anhydrous ether (50 ml) was added to a stirred 
Suspension of lithium dihydrocuprate (30 mM, 6 equiv) 
prepared asvabove.. After 18° hr at room temperature 
the reaction mixture was worked up. The dried (Na,SO,) 
solvent was evaporated at 0°. The pmr spectrum of the 
crude product indicated a ratio of desired product to 
tosylate-containing material of approximately 9:1. 
The residue was distilled through a short-path apparatus 


tomgiveso/5 mg (86%)°of pure 99 (bp 45°,.0.1 mm). 
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pmr (CCly, CHGle, reftenence);: 1 456 “(dy 3 


3 ys eh 


6.35) (da etal Spe eg, eee, 
7.4-7.8 (m, 2H), 7.8-8.2 
(m, 1H), 8.2-8.8 (m, 2H), 


8.92 (d, J = 7, 3H), 


ots (Che Ghat sy sa, 


9.05 (d, J 


PLY 
9-6 (5, 9H) 
mass spectrum: calcd for Capne sO geste m/e 


measured: m/e 


2Z0niIO 3 


2202/23 


glpc: UCW-98, 140° 


(+) -4S-Hydroxy-3S,5S,7R-trimethylcyclohept-l-ene (100) 


Whehwstirring , concentrated hydrochloricracid 
(5 drops) was added to a solution of silyl ether 99 
(1.13 g, 5.0 mM) in anhydrous methanol (100 ml). After 
15 min at room temperature, solid sodium bicarbonate 
(ca. 0.5 g) was added, and the mixture concentrated to 
approximately 5 ml at 0°. The residue was diluted with 
ether (200 ml) and washed with water (2 x 10 ml) 
and aqueous saturated sodium chloride (2 x 10 ml). The 


ether was dried (Na SO,) and evaporated at 0° to give 
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pum (che omar 4542 “tin, 2H))7 6 3430 (ddy ad a2, Oho. 0, 1H) 
7.41 (bm, 1H), 7.65 (bm, YH)", 87296 (bm, JH) 
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mass spectrum: 154 (P) 


Glpce ss UCW-98,7 140° 


(+) -4S-Acetoxy-3S,5S,7R-trimethylcyclohept-l-ene (96) 


Ayscoiution of alcono! 100%(254 gg, 10.0) mM) and 
acetic anhydride (6.15 g, 60 mM) in anhydrous pyridine 
(20) ml) ewas heated at} 40° for. 24 hr. “Atter cooling, co 
room temperature, the mixture was concentrated under 
reduced pressure (0.01 mm) to approximately 5 ml, 

Poured nto cold) (s—L0"), aqueous’ IN hydrochloric acid 

(50 ml) and extracted with benzene-pentane (1:1 by volume, 
4x 50 ml). The combined extract was washed successively 
with aqueous 1N hydrochloric acid (2 x 20 ml), aqueous 
saturated sodium bicarbonate (20 ml), water C200ml) = 

and aqueous saturated sodium chloride (20 ml). After 
drying (Na,SO,), the solvent was evaporated at 0°, 
BnaGeinesresidue tiasi distilled to give 1.92 9 5(98%) 


SeeIosacearcolourless liquid (bp /6—-80°> 9355. mm)y. 
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ir (CCl,): SOTZSAWw),) 1735 (S)e1459" {m) 247 (5) 


pmr (CDC1,): Hin le Salsa foal Gael aH) ow dds al oe Oe: 
thee) «15-8. 19 = (mt, 6H), 8.61 (m, 2H), 


8.82-9.22 overlapping doublets, on) S 


8.06 (s, CH,CO) 


Nass’ Spectrum: Calcd tor C_-H. (P-HOAc): m/e M6252 
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13651249 


measured: m/e 
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(+) -3S-Acetoxy—2R,4S,6R-trimethylheptan-1,7-dioic acid (101) 


A solution of trimethylcycloheptenyl acetate 96 
(450 mg, 2.3 mM) in aqueous 80% tert-butyl alcohol 
(300 ml) was added to an oxidizing solution (pH 8.5) 


of potassium permanganate (110 mg, 0.70 mM), sodium 


metaperiodate (5.74 9g, 26.9 mM), and anhydrous potassium 


Carbonate (5.0 g;-36.4 mM) dissolved in water (300 ml). 
The mixture was vigorously stirred at room temperature 
for 24 hr, before the red-purple solution was acidified 
to pH 3.5 with aqueous 4N sulphuric acid (20 ml). 

Solid sodium bisulphite (ca. 10 g) was slowly added 

to reduce the remaining oxidant. During this addition 
the solution first became colourless, then dark brown, 
and finally bright yellow. The pH of the solution was 
now 1.5. The solution was adjusted to pH 7.0 with 
aqueous 2N sodium hydroxide (55 ml), concentrated to 


approximately 250 ml, and the pH raised to 9-9.5 with 
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aqueous 2N sodium hydroxide (ca. 1 ml). The yellowish 
concentrate was washed with ether (2 x 40 ml), acidified 
to pH L.5 with aqueous.4N sulphuric acid (15 ml), 
carefully saturated with sodium chloride (sulphur 
dioxide from excess sodium bisulphite was evolved), 
and extracted with ether (5 x 50 ml). The combined 
ether extract was washed with aqueous saturated sodium 
enloride 50mm); dried (Na,SO,) and evaporated to give 
a very pale yellow viscous oil which slowly solidified 
on Serene Recrystallization from ether-hexane gave 
510 mg (86%) of pure acetoxy diacid 101 as white 
DOESNSe (moo lL Oto) | 
subg (CHC1 3): J600=2400Rs( bm) 1/35 em), 0m Cs), 
1240-1210 (bm) 
pmr (CDC1.): Temas (bsye2Hh)> 4.860 (dd, so — shi, 
EO pee) pee ee cic Jg = Uy J 3 = 11, 1H), 
eed (in; LH)y, 7.79-8.69 (m, 6H), 8.76 
(ay One) 7990. OOm(d uni Ope oEL) 


Om 4nd wal 6 664 uci) 


mass spectrum: calcd for C1 HQ? m/e = 260.1260 
measured: m/e = 260.1255 
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(+)-3S-Hydroxy-2R, 4S, 6R-trimethylheptan-1,7-dioic 


3, 7-lactone (6) [(+)-Djerassi-Prelog lactonic acid] 


a). From 101 


A solution of diacid LOT (645 mg, 2.5 mM) ain 
aqueous 1.6N potassium hydroxide (6.25 ml, 10.0 mM) was 
stirred at room temperature for 18 hr. The mixture was 
cooled sto 0° and caretully acidified to pH 1-5 by the 
gBEopwise, addition ol aqueous ZN ‘hydrochloricvacid. 

The mixture was then saturated with sodium chloride 

and stirred for 30 min at 0° before being extracted 
wath chlorotorm (3 x 25 ml). “The combined chloroiorm 
layer was washed with aqueous saturated sodium chloride 
(20 m1), dried (Na,SO,) and evaporated to give 501 mg 
Gr00s)) Of Chromatographically pure 6 as white prisms 
(mp 112-113°, 119-120°). An analytical sample was 


recrystallized from ether-pentane. 
by Direct Cleavage of 99 


AmsoluUtionsor silylvether 99° (521 mg, 2.°3° mM) wes 
subjected to the Lemieux-von Rudloff oxidation as described 
above. After 40 hr at room temperature the red-purple 
solution was worked up using the procedure outlined above. 

The acidic aqueous phase was extracted with ether (7 x 50 ml). 


The ether was dried (Na SO,) and evaporated to give a pale 
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yellow solid. Recrystallization from ether-pentane gave 


4200 -mg=(37.3 )) oF 6 as white prisms (mp 119-120°). 


a (CHC1,): SoU0—2400 (bm); 1725 9(S) 981460" (mm) 1 382m) 
PESOS (Gn) LOOM (Tm ) 
pmr (CDC1,): pu sl.30) (bs, 1H), 5.42. (dd, eJi=9 2247, 107) 1H), 
Vale (Gelely Ys ects Ape), 
ca. 7.51 (m, 1H), 7.86-8.33 (m, 2H), 
Bios oO Zea pee blir Oren) Can (Cy a tete Otro pamo Ll)ay 
Or OCS =e 2 SH) 1899) (GG ve 7 0 ay) 
cmr (CDC1,), ORDI Multia icity, assignment: 66.42: (d,. C-=6)7, 


Gres Aan Gia © -CH,), Wie 21 (G7, 7C en 50.97 


6 q~CH3), 
(yee oitay iy ae alg icre rey War ninris Gans (TF 
MEME Gh, yy Bontenich Cale haiees iS) Ca), 
a area(s acre) 


elemental analysis: calcd for Cy Hy 62%: GE H)AR inl ete 0)S) 


FOuUnd ge C5956, eiecaUo 


G)-Mechy lb Hydrogen 3S-Hydroxy-2R, 4S, 6R-trimethylheptan- 


1,7-dioate 3,7-lactone (25) 


Prcolution of Lactonic acid 6 (4005mg,. 220mm) en 
dichloromethane (10 ml) was treated with an excess of 
ethereal diazomethane at 0°. Evaporation of the solvent 
afforded 428 mg (100%) of gas chromatographically pure 


25 as a white crystalline powder. Recrystallization 
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from ether-pentane gave 406 mg (95%) of 25 as white prisms 

(mp 73-7477, wisubia mabe a ty-80'°r4 2) mm). 
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(E}iq2-Methyl-2-pentenal (2102) 


vw 


This experiment was carried out according to the 
procedure outlined by Evans et aioees 
Freshlyvdistilied propanal (145 Gg, 2.5 M) was added 
dropwise with vigorous stirring to aqueous 1N sodium hydroxide 
(80 ml) over 45 min. The mixture became warm and slightly 
yellow an colour. After the stirring was stopped, the 
mixture separated into two layers. The upper organic layer 
was drawn off, washed with water (2 x 25 ml) and aqueous 
Saturated: sodium chioride (2.x 25 mil) dried (Na,SO,) and 
fractionally *distiliedste give 78g (64%) of pure 102 
(pp 436=50 7-7, 9 305mm)s 
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(Bjie2-Methyl—2-pentenol 


& solMrcion of aldehyde 102 (24S Geo 2h eels 
anhydrous ether (100 ml) was treated at 0° with an ether 
Seluciom (0M. 100ml, 10 mM) “oF lithium aluminum hydride. 
After 30 min the reaction was carefully hydrolysed with 
wet ether. The mixture was Stirred at room temperature 
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washed with ether (2 x 50 ml). The combined filtrate 

was dried (MgSO ,) and the solvent evaporated. The 

residue was distilled to give 2.95 g (92%) GE the alcohol 

as a colourless oil (bp 68°), 205mm).  Orstillatvon ac 

atmospheric pressure results in dehydration of the product. 

pmr (CC1,): ENTE ACE OS Yr Oh) oie AW sii LUE ps Leis 
(Demet) page nO (Cy wo sree) molt) ee Sogn Syeeee lay 


Oe Dec ye! hy OH) 
glpc: UCW-98, 85° 


(+) -2, 3-Epoxy-2-methylpentanol 


J-Chloroperhbenzoic acid (85%, 2.2 g, 60 mM) 

Was acdded "tora Solution of the above alcohol (5201 gq, 50) mM) 
i coichloromethane (250 ml) at 0°. After 15 min? the 
reaction mixture was cooled to -78° to precipitate the 
S-ChlOrobenzoic acid and the mixture was £1ltered (—/3-)- 
ine vliltrate was concentrated, diluted with pentane (75 
miypandeverteroustandvat, —20° stor 12shrs *lhe mixture was 
again filtered. The filtrate was evaporated and the residue 
was chromatographed on alumina (150 g, penne nes ieee) 
to give 5.0 g (86%) of epoxy alcohol. 
pmr (CCl,): eeOro (Seu) vance Op wu i eel) ee Cy 
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(+) -2, 3-Epoxy-2-methylpentanal (103) 


~~ww 


Chromium trioxide (30.0 g, 300 mM) was added to 
an Borers solution of pyridine (48 ml, 600 mM) and 
dichloromethane (350 ml) at 0°. “The deep burgundy 
solution was stirred at 0° for 5 min and was then allowed 
to warm to room cemperature over ly hrs A solution of 
the above’ epoxy alcohol (2.90 g, 25 mM)’ in’ dichloromethane 
(20 ml) was rapidly added. The reaction mixture was 
stirred for 15 min and then the dichloromethane was decanted 
from the tarry residue which was washed with ether (3 x 200 
ml). The combined Bee Ane Hoonarneiemecination was 
stored for 18 hr-at =30°. The cold solution was again 
decanted from a tarry residue, and was then concentrated 
ae tO approxamately 5S0eml. This solution was diluted 
With pentane (300 ml) and filtered through sodium sulphate 
to remove some insoluble coloured impurities. With 
Wigoroussstirring, excess solid nickel (il) echlonrde was 
added to the cold (-78°) pentane solution and the mixture 
slowly warmed to 0°. This treatment removed the pyridine 
as an insoluble nickel complex. The pentane solution 
was fiitered and the solvent removed at 0°. The residue 
Was tlash distilled to give 1.80 g (63%) of 103 (bp 43°, 
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re (CHC1,): L750) (s) 


pmr (CDC1,): ee ogy Sy LH) pO 05 eden clea te LD) 


8.4 (qu, J = 6, 2H), 8.7 (s, 3H), 8.95 
(ore sh) 


gipc? = UCW=98 si) 


Triphenyl (acetylmethylene) Phosphorane 


The reaction was carried out according to the 
procedure reported by Ramirez.+%8 
A solution of triphenylohosphine (20.0 g, 76.2 mM) 
and 1l-chloropropan-2-one (6.5 g, 70.2 mM) in chloroform 
(60 ml) was refluxed for 80 min. The mixture was then 
filtered into anhydrous ether (600 ml) and the resulting 
copious precipitate collected by filtration to give 15.9°-g 
(64%) of cream coloured phosphonium salt (mp 241-245°). 
The phosphonium salt (15.9 g, 44.5 mM) was dissolved 
in water (400 ml) and aqueous 1N sodium hydroxide (500 ml) 
was added rapidly. The resulting precipitate was collected 
by filtration, washed with water until neutral (ca. 400 
ml was required), and finally dried under reduced pressure 
(0.01 mm) to give 13.1 g (89%) of the phosphorane as a 
Whee: powder “(mp 202-205"). 
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9-Methylocta-3(E) ,5(E)-dien-2-one (104) 


A solution of aldehyde 102 (3.92 g, 40.0 mM) and 
triphenyl (acetylmethylene) phosphorane (6.58 g, 20 mM) 
in anhydrous benzene (100 ml) was refluxed for 40 hr. 
The solvent was evaporated and the residue was triturated 
With pentane (5 x 75 md es The combined pentane extract 
was filtered and evaporated to give 3.61 g of an orange 011 
which was chromatographed on silicic acid (175 g, chloroform) 
EOELVev il. 600d, (652) Or 104 as a pale yellow oil. 
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GiiGo,e-bpoxy -o—methy loct—3 (EB) -—en=2-oney (105) 


A solution of dienone 104 (280°maG,, 2.0 30m) 
andss-chilcroperbenzoic acid (85%, 416 mg, 2.05 mM) in 
dichloromethane (7.5 mil) was stirred at room temperature 
for 40,hr. ‘The reaction mixture was diluted with 
ether (25 ml), washed with aqueous saturated sodium 
bicarbonate (4 x 10 ml) and aqueous saturated sodium chloride 


(10 ml), and was then dried (Na.SO The solvent was 


2 4)° 


evaporated and the residue molecularly distilled (110°, 1 mm) 
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COngiven L/5smq (56%) sor 105 as a clear colourless oil. 
The same product was obtained directly in 52% 

yield by reaction of epoxy aldehyde 103 and the phosphorane 

under the conditions used to synthesize 104. 

at (CCl,): Toss) L625 a(S); -980,. 830 

pmr (CDC1,): ter Se (Cl eed = Onno pee) moe Oa ped Ono, 
IUDs ea Ms AGE til tS (Grisly INEDT he 7s TAGs le 
SER Avis PSN ese Sel MUU enn teh AOS | iss ail i SIG) 

Glipc: “UCW-93, 40° 


joo ULV drexy—oeMethnyloct— > (h)-en-2-One s( lic) 


Aqueous 2. ON sutphueic lacad (1.62 ml) 3.24) mM) 
was added to a stirred solution of epoxide 105 C25:0umg), 
1762 mM) in tetrahydrofuran (5 ml) at 0°. The mixture 
was then Stirred at room temperature for 30 hr, cautiously 
neutralized with aqueous saturated sodium bicarbonate, 
diluted with aqueous saturated sodium chloride (10 ml) 
andsextracted with chloroform (3.x 259ml). The organic 


phase was dried (Na SO,) and evaporated. The residue 


2 
was chromatographed on silicic acid (7.5 g, chloroform) 
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(E)-2-Methyl-2-pentenoic acid (113) 


——— ee —— eeeeeeesesesFsese 


This and the following three experimental procedures 
were carried out according to the method described by 
Bergel'son and coworkers, 141 | 

Avsoluvion Pol silver nitrate (260%, 1253 4) in 
water (500 ml) was added rapidly with stirring to a solution 
of aldehyde 102 (500g, 510mm) in. ethanol. (200emL)m 
The temperature was raised to 40° and aqueous 3N sodium 
Hydroxide (800 mil, 2.4 M) was ‘added over 3 hrs After the 
addition was complete, the reaction was maintained at 
40° for 18 hr before the mixture was filtered to remove 
the precipitated silver. The filtrate was acidified to pH 1 
with aqueous 6N hydrochloric acid and extracted with ether 
(5 x 250 ml). The combined ether layer was concentrated to 
500 ml, extracted with aqueous 8N sodium hydroxide (3 x 75 ml), 
and the alkaline extract acidified to pH 1 with aqueous 6N 
hydrochloric acid. The aqueous phase was then extracted 


with ether (5 x 100 ml). The ether layer was dried (MgSO,) 


4 
and evaporated. The residue was distilled to give 48 g 
(Soe mole ude Dlo (bp lies, t7 mm) which was dissolved 
in hexane’ (100 ml) and the solution cooled to -=40°. The 
crystalline precipitate A collected by altration at.0, 
to give 44 g (76%) of pure 113 (mp 23-24%). 
3g (CCl ,): 3500-2300 (bs), 1700 (sj, 1640) (m) 
pie (CCl): 1 -0.8 (Ss, 1H); 3.1 (dt, J = 7, Lo, LnSOD y, 

fo MOM ed = 1, 2H)s 8 oS yn SH) o> 


(O, 00 = 7,238) 


ot Rao ce as) Sua 
iohsice 6 3 sins Vena state bike 
ii ROS tenanye me | 
man bane CE aw ettor Pr: | ‘aie ge awe 
. ad ik alae bane ‘Wak 
m bere tah erp Oe renee ye ee 
wee ea az lieii i) age © Ehanzet! iad ‘gioted ad OL 39 . | 


~ 
.< 


pew veeetit? se . elie eee ie 
tatse, Hd eis By vi ends Seeger Ye een 
_~ See eaeD sux rave! snd¢> beasees ear , (ha, 23S a 
ideagivA sithed Wi agonepe aT oy Aatoawstae a — 
a) evosuin, Fee 76 : eet Lb t oer pi tindtn 3 
mati es*ge Bn @ a Sekty dete ae bia obsbns 
Dw), " sy. ek genre arr. 4 (aml hGd & a 4 
at ae » of hati eth use e=Gates 4 > fey) 
teauvil seed weer ASai. \e Ti JPoLieeis ee? ae i 
5a - han od Phew: wolaytue pes Are one . 
36 agtiestian Ye ees . APAT DG, ;. 


ig. 22 fe age & 


180. 


(+) -2R, 3R-Dihydroxy-2R-methylpentanoic acid (115) 


TOFvaRsOlucron Of acid 113 (16.2990, 42) mM) in 
acetic acid (80 ml) was added concentrated sulphuric acid 
(18 drops) and 70% hydrogen peroxide (14 ml). The reaction 
Mixture was maintained at 50° for 6 hr and then left at 
Loom (temperature for 18 hr. Sulphur dioxide was bubbled 
through the cold (0°) solution to reduce the excess hydrogen 
peroxide. The solvent was then removed under reduced | 
pressure (0.01 mm) and the residue refluxed for 1 hr with 
aqueous 5N sodium hydroxide (100 ml). The mixture was codled 
to room temperature and extracted with ether (2 x 25 ml). 
The aqueous layer was acidizied to pH with aqueous Sh) 
hydrochloric acid and continuously extracted with ether 
for 18 hr. The ether extract was dried (MgSO ,) and 
evaporated. The residue was recrystallized from ethyl acetate 
SOm iN cus) Uno edeno0s)e Ot pure | lS (mpilos— 154.5). 
pmr (acetone-d_}: tes / J NDS, 93H) Oa e, Ie eG. Opell), 
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(2) 2RASk-Dinydroxy—2h-methy Jpentanorc acid {Cl i5) 


Finely ground racemic acid 115 (3124 ¢6, 212 mM) was 
aqded, in one portion to a refluxing solution of L-(+)—threo— 
2-amino-1- (4-nitrophenyl)-1,2-propanediol (45.0 g, 212 mM) 


en ethanol -(150°ml). The solution was left to stand ac room 
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temperature for 18 hr, and the precipitated salt was 
Collected wand recrystallized from ethanol to give 34 ¢ 
of the [(+)base-(+)acid] salt (mp 156-158°). 
Aqueous 14% ammonium hydroxide (160 ml) was added 
tO a SOluCion Of the above salt (34 ¢g,; 94 mM) in water 
(240 ml). The reaction mixture was filtered to 
recover 14°47 q%0f Optically active amine. The filtrate 
was acidified to pH 1 with aqueous 6N hydrochloric acid and 
continuously extracted with ether for 5 days to give 
ev eg(oos)) Of Crude diolvacid 115. Recrystallization 


Bromeethyl acetate gave on og Of vlisa(mp 149-1512) 


later to Sone Gees. U2), H,0) (95% optically pure based 
Onecetel41)c. - 
pmr: see racemate above 


(+)-Methyl 2R,3R-Dihydroxy-2R-methylpentanoate (116) 


An ether solution of diazomethane was added dropwise 
EOvasSOlution) of acid (+)-115 (6.2.86 ¢,2.46 mM) >in ‘ether (200 mil) 
at 0°. The addition was stopped when the reaction mixture 
became yellow. The solvent was evaporated and the residue 


distilled to give 7.15 g (100%) of methyl ester 116 


25 


(Domo Uc, e i, 6) min), lo], 


Ory, er (ruse, CHC1,). The (-)- 
enantiomer of this compound was not detected in the pmr 


spectrum when the chiral shift reagent tris (3-heptafluoro- 


propylhydroxymethylene-d-camphorato) europium(III) was added. 
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TY (CCl,): S90 08KDs) 7 =1785 (se) 

pmr (CDC1,): 1 6.19 (s, 3H), 6.47 (t, J = 6.5, 1H), 
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(+) -Methyl 2R-Hydroxy-3R- (4-toluenesulphonyloxy) - 


2R-methylpentanoate (117) 


4-Toluenesulphonyl chloride (9.11 g, 43 mM) was 
added to a solution of dihydroxy ester Ee A aie eKeirs a) mM ) 
in anhydrous pyridine (45 ml) at 0°. The reaction mixture 
was stirred at room temperature for 18 hr, poured into 
cold (0°) water (400 ml) and extracted with ether 
(4 x 75 ml). The combined ether layer was washed with 
aqueous 1N hydrochloric acid (5 x 100 ml), aqueous saturated 


sodium bicarbonate (100 ml), and aqueous saturated sodium 


Chloride (100 ml). The ether solution was dried (Na,SO,) 
and evaporated to give 8.32 g (83%) of 11/7 as a colourless 
Prsipem( ol Seu lise O° Xe. 3.008 aicHel).. 
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(~)-Methyl 2R,3S-Epoxy-2R-methylpentanoate (118) 


~~ww 


ee eee ee ee eee ee 
Freshly distilled triethylamine (8 ml) was added 

to a solutionvo£* tosylate ii? (19235 q> 61 mM) inv annydrous 

benzene (25 ml); and the reaction was refluxed for 2-5 hr- 

Most of the solvent was evaporated and the residue was 

poured into cold (0°) water (150 ml). “The mixture was 

extrected with ether (3x 75 ml), and the ether layer washed 

with aqueous IN hydrochloric acid (2 x 50 ml), aqueous 

saturated sodium bicarbonate (50 ml), and aqueous saturated 

sodium chloride (50 ml). The ether was dried (Na,SO,) and 

evaporated, to give 11.3 g of crude epoxy ester. )Distillation 

of this material gave 7.9 g (90%) of pure 118 (oie (sre 

20 mm), fa]<* -1.3° (c 3.13, CHC1,). 

omr (CCl ,): eer SS) Wisin SIs lial erp OF SIS Mabel Beis Sask 
(Tye) Bo (SSH) o AOe Ee Ol 8G) amol) 


elemental analysis: calcd for CoH, 503: C5823 2 hess? 
found: GC 58.598 His. 4> 


glpc: UCW-98, 100° 


(+)-2R,3S-Epoxy-2R-methylpentanal (103) 


A solution of diisobuty. aluminum hydride (2.01 Gg, 
14.5 mM, 38% excess) in anhydrous ether (10 ml) was added 
dropwise over 40 min at —-/8° to a solution of ester 118 
(es leg, lO. 5m) ain ether (LO ml). “Stirring was 
Continued for exactly 80 min from the beginning of the 


addition. Then aqueous saturated ammonium chloride (3 ml) was 
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added =to the reaction Mixture at -—78°, and the mixture 
allowed to warm to room temperature. Anhydrous sodium 
sulphate and Celite were added to the pasty mixture. 

The mixture was filtered with positive argon pressure and 
the filter pad washed with ether (30 ml). Three runs 
on this scale were combined. The ether was dried (Na.SO 4) 
and carefully concentrated by distillation. The residue 
Was mMotecularly, distilled (o1l bath 50°) 5 mm) to give 
1.72 g (62%) of 103, [a]** + 85° (c 2.82, CHCL,) . 

The material was too unstable to allow an accurate 
elemental analysis to be performed. 

neg (CHC1,): 2895, 208 Spl OCS) 
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Hydrolysis of lactonic methyl ester 25 


Aqueous 0.42N potassium hydroxide (1.55 ml, 0.65 ™mM ) 
was added to a stirred solution of lactonic ester 25 (5 Gamay 
Oy 20e0M wine tetu-buty i lalconol (2) mis) aie dO Ce ee AL Ee res tieringma t 
room temperature for 8 hr, the mixture was concentrated) to 
ApULroOwimately 1.5 ml, cooled to 0°, acidiiied to pH 1S 
with aqueous 2N Hydrechlorve acid, saturated with sodium 


chloride, and extracted with chloroform (2,3,3,1 ml). 
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The solvent was dried (MgSO ,) and evaporated to give 52 
mg (100%) of chromatographically and spectroscopically 
pure 6 as white prisms. Recrystallization from ether- 
pentane afforded 50 mg (96%) of white needles 
(mp 119-120°). Neither epimerization nor elimination was 
Observed during this hydrolysis. 

All attempts to isolate methyl 7-potassium 3S- 
hydroxy-2R,4S,6R-trimethylheptan-1,7-dioate Ti? by 
reacting 25 with 1.0 equivalent of potassium hydroxide 
wenme Unsuccesstul due to the facile Pactoni zation back 
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5-Hydroxypentanoic 1,5-lactone (120) (S-Valerolactone) 


This reaction was carried out using the procedure 
reported by Smissman and coworkers .+?? Trifluoroacetic 
acid anhydride (25.5 ml, 180 mM) was added over 30 min 
to a stirred suspension of 90% hydrogen Sane riae Cary leet le, 
150 mM) and anhydrous dichloromethane (25 ml) at 0°. 
ABECrestErering, for 5 minethe peracid ssolution. (0's) 

Was added over 1 “hr to a vigorously stirred suspension 

of disodium hydrogen phosphate (40 g, 280 mM) and 
cyclopentanone (8.4, 100 mM) in anhydrous dichloromethane 
(YO0emi wat 0°. “The reaction was stirred at 0° ~foxr 


3 hr and then at room temperature for 18 hr. Water 


(100 ml) was added and the layers separated. The aqueous 
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phase was extracted with dichloromethane (50 ml) and the 
combined organic phase washed with aqueous saturated 

sodium bicarbonate (2 x 50 ml) and aqueous 10% sodium 
sulphite (50 ml). The organic layer was dried (Na,SO,) 

and evaporated to give a residue which was distilled to 
Giver jaa Wal s) se. OL l207as.a colourless 1igquidi(bp (83970 4emm) 2 
lp @ (CC1,): LS 55.08') 


pmr (CDC1,): 1 eves Wa vacONr Tein Aue RON Aeiltay (Cys 28s), 


Triphenylmethylphosphonium Iodide 


The reaction was carried out according to the 
procedure reported by Wittig and Schoellkop£.+°° 
Iodomethane (8.2 g, 58 mM) was added in several 
portions to a solution of triphenylphosphine (11 g, 42 mM) 
in anhydrous benzene (50 ml). An immediate white 
precipitate formed upon addition of the iodide. After 
48 hr at room temperature the white solid was collected 
by filtration, washed with warm (50°) benzene and dried 


(100°, 10 mm) to give 17 g (100%) of the phosphonium salt. 


pmr (CDC1 4): Tee 2 1(Cd pada 7. Oa oll) Or Oe (C eae a 25, 3H) 


Phosphorane Opening of 6-Valerolactone 


Sodium hydride (50% dispersion in mineral oil, 
192 mg, 4.0 mM) was added to anhydrous dimethylsulphoxide 


(Aomil)yo) and the mixture heated at 70° for 45 min. A 
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solution of triphenylmethylphosphonium iodide (1.62 g, 

4.0 mM) in anhydrous dimethylsulphoxide (4 ml) was added 

to the cooled (25°) solution of methyl sulphinyl carbanion. 
After 10 min at room temperature, lactone 120 

(200emGg;, 2.0 mM) was added to the ylid solution. After 

24, break G0e eehesorange solution was, poured into cold {0-5") 
aqueous saturated sodium bicarbonate (10 ml) and the 
aqueous solution extracted with dichloromethane (4 x 25 ml). 
The organic layer was dried (Na,SO,) and evaporated to 

give 700 mg (93%) of phosphorane 121 which was used 


directly in the next reaction. 


nwa (CHC1.,): Se OP (bs) ¥ 240 (Ss) 


P-Pheny)—3-oxo-hept—2 (8) —en—/ —ol (122) 


A solution of the previously obtained phosphorane 

121 (700 mg, 1.86 mM) and Peeenie distilled benzaldehyde 
(350 mg, 3.72 mM) in anhydrous benzene (10 ml) was maintained 
Meo ror a2 4ailice me ne sreactlon mixture was) Cooled to 
room temperature and the solvent evaporated. The residue 
Was  ChEOmatograpned “On=Silicic acid (25 5g, ChilorofLorm) 
toeqivie: LiS amo. (30%) sot 122. 
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188. 


(+)-Methyl 7-Hydrogen 2,4S,6R-Trimethylhept-2 (E) -en- 
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1,7-dioate (123) 


A methyl sulphinyl carbanion solution COP CM, ia 3 
ml, 0.20 mM) in dimethylsulphoxide was added to a stirred 
solution of triphenylmethylphosphonium iodide. After 
10 min at room temperature, the resulting greenish 
yellow phosphorane solution was added over 5 min toa 
stirred solution of lactonic ester 2 (oie a emo Ol Om) 
Pmecimecny! sulonox1 desl. Oem The coloun ofthe 
phosphorane discharged during the addition until approxi- 
mately half of the phosphorane had been added, then the 
mixture became yellow. After 20 hr at room temperature 
Lhe) Leacei on Was 20ded  tOcold 0-5") waqueous 0205N 
sodium bicarbonate (6 ml). The aqueous solution was 
extractecds with CchvoLocorcmn (5:50 5) mil)s cooled tor0n, 
aciditied, tO pH 2 wath aqueous 2N hydrochloric acid, ‘and 
extracted wrt ether (5) x 5 ml). The combined™ether 
layer was dried (Na SO,) and evaporated to give ll mg 


2 


(50%) of the unsaturated half ester 123 as a colourless 
Viscous liquid. | Therchlerotorm extract contained ja 
mixture of triphenylmethylphosphonium iodide, diphenyl 
methylphosphine oxide, and the half ester in the approxi- 
Mabeuratio6 Of 2.5:2:1 as determined by pmr spectroscopy. 
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A series of experiments were carried out starting 
with lactonic methyl ester 25, from which compounds 124, 
and 126 through 131 were synthesized. The experimental 
details for these conversions are the same as those 
described below for the’ cornesponding S-tert-—butyl sthiocates 
d24-le3-) ine) spectral idetarls for the methylated 


compounds are given below. 
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Bamethylsa loxy)—2R, 4S, okR=trimethylheptan—l, /-dioate (126) 
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190. 


(+)-Methyl 7-Hydrogen 3S-(tert-Butyldimethylsiloxy) - 


2R,4S,6R-trimethylheptan-1,7-dioate (127) 
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Imidazolide 128 
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Triphenylmethylene Phosphorane 124 
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Methyl 3S- (tert-Butyldimethylsiloxy) -10S,11S,-epoxy- 


7-oxo-2R,4S,6R,10S-tetramethyltridec-8 (E) -enoate (130) 


ir (ea 1735 (s), 1690 (m), 1670 (m), 1625 (m), 845 (s) 
PM COC aaa 2a(dd, we lo,e 1H) 63564 sada, 
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“with the attachment of the resolved aldehyde to the 
racemic right hand portion of the methynolide precursor, 
the subsequent compounds are no longer racemic. 

Instead a mixture of two compounds is present, until 
Pine eresolucion occurs) during Jactonizatron co 

Me Cny noice (vide winitday lhe kj Ss: notation used in 

the title compounds refers to the absolute configurations 
of the chiral centres of the correctly paired diastereo- 


isomers of the left and right hand segments. 
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Methyl 3S- (tert-Butyldimethylsiloxy) -10S,11R-dihydroxy- 


a a a ee 


7-0x0-2R,4S8,6R,10S-tetranethyltridec-8(E)-enoate (131) 


~ww 
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Thallium(I) 2-Methylpropane-2-thiolate 


2-Methylpropane-2-thiol (1.98 g, 22 mM) was 
added dropwise over 5 min to a stirred solution of 
thal pam ()ethoxrde (5. 00g 7520.0 mM) in vankhydrous 
benzene (20 ml). After 15 min the precipitate was 
filtered under argon and washed with anhydrous pentane 
(Cex eLOaid)metouGiave, 5.060 (952)) Of thal? rum (bh) 
2-methylpropane-2-thiolate as bright yellow crystals 


(mp 170-175? decomp). 
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(+)-(S-tert-Butyl) 7-Hydrogen 3S-Hydroxy-2R,4S,6R-trimethyl- 


eee 


heptan-1l-thioate-7-oate 3,7-lactone (133) 


A suspension of lactonic acid 6 (1.00 g, 5.0 mM) 
ancgpireehivedistalled oxalyl chloride: (Is2e) gq, 10.0 mM) 
in anhydrous benzene (30 ml) was stirred at room temperature 
for 18 hr. The resulting colourless solution was 
evapenrated to give I710"q (100%) cf lactonic acid 
Chloride 132 as white needles. 
ale (CHC1,): LOU 8} 

Thallium(I) 2-methylpropane-2-thiolate (1.47 g, 
5.0 mM) was added to a stirred solution of the above 
accra chloride (de lO "Gg, 5.0 mt) am anhydrous ether a(30) ml) 
fee Tne bright yellow colour Of the thaliaum sale 
discharged almost immediately. The resulting milky 
Suspension was stirred for 1 hr at room temperature, 
filtered through Celite and the filter pad washed with 
ether (4 x 20 ml). The combined filtrate was concentrated 
and the residue was flash distilled to give 1.36 g 


(i002) of 155 as a colourless viscous liquid (bp 2107, 
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194. 


(+)-(S-tert-Butyl) 7-(tert-Butyldimethylsilyl) 3s- 


(tert-Butyldimethylsiloxy) -2R,4S,6R-trimethylheptan- 


J>thioate-/-catre (i234) 


Aqueous 0.28N potassium hydroxide (13.7 ml, 3.84 mm, 
0.92 equiv) was added dropwise at room temperature to 
a stirred solution of thiol ester 133 (alaeg, 45.7. mM) 
in tvert>butyl aicohol (10 ml) containing a trace of 
phenolphthalern at such a rate that the initially 
formed red colour faded away to colourless (or very 
pale pink); the addition took approximately 5 hr. After 
the addition was completed, the reaction mixture was 
stirred for 1 hr, and the solvent carefully removed at 
room temperature under reduced pressure (0.01 mm). 
The residue was dried by coevaporation with a mixture 
of anhydrous N,N-dimethylformamide and pyridine (1:1, 10 ml) 
at room temperature. The ring-opened potassium salt 
was thus obtained as a slightly hygroscopic white solid. 

Lmvdazo len (20568G,) 54. 6.mM,. 98equiv)e was sadded 
to a stirred suspension of the above potassium salt 
(3.84 mM) in anhydrous N,N-dimethylformamide (20 ml). 
tert-Butyldimethylchlorosilane (2.30 g, 15.4 mM, 4 
equiv) was then added to the resulting pale yellow 
solution and the reaction mixture maintained at 60° for 


645hr, es The reaction was cooled to room temperature 
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and the solvent was removed under reduced pressure (0.01 mm). 
The residue was diluted with ether (50 ml) and cold water 
estoe fyi) containing a trace of bromocresol green. =ihe 
Mixture was seooted to 0° and acidified to pH 3.5.45 
indicated by the colour change from blue to yellow in 

the aqueous layer, by the dropwise addition of aqueous 

2N hydrochloric acid. The two layers were separated 

and the aqueous phase was extracted with ether (3 x 20 ml). 
The combined ether layer was washed with aqueous saturated 
sodium chloride (20 ml) and the solvent evaporated. 

The residue was dissolved in dichloromethane (30 ml), dried 
(Na,SO,4) and the solvent evaporated. The residual pale 
yellow, liquid was flash distilled to give 1,971g (962) 

of disilyl compound 134 as a colourless liquid (bp 130°, 
OL pram). 
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(+)-(S-tert-Butyl) 7-Hydrogen So- (eere-putcylaimernhy i 


siloxy)-2R,4S,6R-trimethyiheptan-1l-thioate-7-oate (135) 


Ar SoOlULtOn Of diester v2 (To Oe Oo em) 
PimterusputyialConol e012. 5 mil) was hydrotysedmwith 
aqueous, O220N potassium hydroxide (U2.5 m1, 3.50 mM, 0295 
equiv) according to the same procedure used for the lactone 
opening of 133; thewaddicion, Of the base took) 45.min. 
The tert-butyl alcohol was evaporated and the remaining 
aqueous solution was diluted with ether (20 ml) and water 
(Oem) The mixture was) cooled) to 0° and eacidl eed 
agasnst bromocresol green using aqueous ZN hydrochloric acid: 
The two layers were separated and the aqueous phase was 
extracted wrth ether (3°57 20) ml). “Evaporation vor the 
combined ether layers gave approximately 1.8 g of crude 
acid 135 as a pale yellow liquid. This material was 
Chromategrapnearon silicic acia (1008g, chloretorm) seo 
Ga veut 400g. (94%) (of chromatograplically pure. l35 as a 
colourless Liguid’. 
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Imidazolide 136 
, e welaba 
According to the procedure of Staab and Braunling 


N,N-carbonyldiimidazole (561 mg, 3.46 mM) was added to 


a stitred=soiution of acid 135° (1240 g, 3.46 mM) ain dichioro— 


~nw 


methane (10 ml)2 The reaction was stirred at room 
temperature for 3 hr and the solvent was then evaporated. 
Ine restOduerwasetritirated with cyclonexane (15,0 10, 


22x 5°mML), ang the combined solvent dried (Na SO,) and 


2 
evaporated to give 1.58 g (100%) of 136 as a pale yellow 
rcuad:. 

Le (CHC1,): ISIS) hoy on Sls 96 OMe emo oO s) 


Pie etebel > )ie ho iw/oe (bs; lh), 2200 bs, dh)e 2220 s(bs il)y, 


3 
Grsth (eles. UU as Sire LIED) esl) 1Ctiy; = esl) 
UALS Mets MELON 7) ett Co Cy eels) rpg tei elon ya 2Lah 


BT) MGclek Wk iy, Ely whose Oy 


SH Oey ed =e eo) ime Sie on) 


~ 


9.95 + 9.98 (s, 6H). 


Salt-free Triphenylmethylene Phosphorane 


The reaction was carried out according to the 
; 145b 
procedure reported by Schlosser and Christmann. 
The triphenylmethylphosphonium bromide was prepared in 


the same way as the iodide described above. 
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Anhydrous ammonia (75 ml) was condensed into a 
flask at ~-/8- and, further dried by the addition of several 
small pieces of sodium metal. Avproximately 60 ml of 
ammonia was then distilled from this intense blue solution 
incor ansecona flack. VAD trace of 1ron(iLl) chloride was 
added to the liquid ammonia, followed by sodium metal 
(190 mg, 8.25 mg-atom). Finely powdered anhydrous 
triphenylmethylphosphonium bromide (2.46 g, 6.90 mM) was 
then added in small portions at such a rate that the blue 
colour of the ammonia changed to slightly brown. After 
the addition was complete, the reaction mixture was 
refluxed (-33°) for 30 min before the ammonia was allowed 
to slowly evaporate. The solid green-yellow residue was 
then dried at room temperature under reduced pressure 
(0.01 mm). This material was refluxed in anhydrous 
benzene. (4.0 mb), for 10. min, See to room temperature, 
and filtered under argon to afford a bright yellow solution 
Otechou lide the concentration (0.1 /M) was determined 
by titration of the phosphorane with a standard solution 
Of butanal in benzene. The Wittig reagent could be kept 
under argon at -15° for several months without appreciable 


decomposition. 
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Triphenylmethylene Phosphorane 137 


The procedure of Staab ew Aimee was used in this 


reaction. 

A benzene solution (O= DT 7Mie 20). 4am) 03.46 mM) or 
salt-free triphenylmethylene phosphorane was added to a 
Stirred solution of imidazolide 136 (1257 g, 3.46 mM) 
in anhydrous benzene (30 ml) at such a rate that the 
initially produced yellow colour of the phosphorane faded 
away tO colourless; the addition took 30 min.” The 
mixture was stirred at room temperature for 2 hr before 
the solvent was evavorated. The ice-cooled residue was 
diluted with ether (40 ml) and then aqueous saturated sodium 
bicarbonate (30 ml) was added. After stirring at 0° 
a0, LOomin, and then at: oom temperature for 5 min, the 
mixture was separated and the aqueous layer extracted 
with ether (3 x 25 ml). The combined ether layer was 
washed with aqueous saturated sodium chloride (20 ml), 
dried (Na,SO,) and evaporated. The residue was further 
dried by coevaporation with anhydrous benzene to give 
22258 OG) 098%) “Ot 137 as a pale yellow liquid. 
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O-tere-pucy. 3S-(tert-Butyldimethylsiloxy) -10S,11S-epoxy- 


7-oxo0-2R,4S8,6R,10S-tetramethyltridec-8(E)-enthioate (138) 


200. 


* 


A solution of (+)-phosphorane 137 (252 Sag on) 

and, (1) -2k, Jo epoxy —2R-methy lpentanal 103 (780 mg, 
6.8 mM) in anhydrous toluene (20 ml) was stirred at 
DOCS sOrelUehr wand then refhluxeds tor 300hr. the reaction 
was cooled to room temperature, the solvent evaporated 
and the residue triturated with anhydrous pentane (5 x 
20 ml). Evaporation of the combined pentane extract 
gave an amber liquid which was chromatographed on silicic 
acid (100 g, carbon tetrachloride-chloroform) to give 
es0emg 3(522)) OL “chromacographically pure 138- 
nthe (CHC1.,): LODO R (Ss) Falovoe(s oe los0s (in 260Cs)y, 

880 (m), 845 (s) 
pmr (CDC1,): Wi eGige ll Micly ale oye IG E8) ee Eras Sohn Oe ely 
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S-tert-Butyl 3S-(tert-Butyldimethylsiloxy)-10S,11R- 


a aaa Se 


dihydroxy-7-oxo-2R,4S,6R,10S-tetramethyltridec-8 (E) - 
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enthioate (£39) 


Aqueous 2.1N sulphuric acid (1.67 ml, 3.5 mm) was 
added {6 a stirred solution of epoxide 138 (880 mg, 1.76 
mM) in tetrahydrofuran (10 ml). The reaction was then 
stirred at room temperature for 44 hr, cooled to 0° and 
diluted with cyclohexane (30 ml) and water (30 ml). 
The mixture was carefully taken to pH 7 by the addition 
of solid sodium bicarbonate. After separation, the 
aqueous layer was extracted with cyclohexane (30, 25, 
20, 15 ml). The combined organic layer was washed with 
aqueous saturated sodium chloride (15 ml), dried (Na,SO,) 
and evaporated to give approximately 1 g of a colourless 
liquid. This material was chromatographed on silicic 
Berd, lou g,, cClrlorororm) "to ‘give 740°mg (els) of chromato-— 
graphically pure 139. 
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Recrystallization of 3-Chloroperbenzoic Acid 


An abbreviated procedure for this purification 
has been reported by Schwartz and Blumbergs.+°! - 
moze detailed description of the conditions 1s given below. 
A solution of commercial 3-chloroperbenzoic acid 
(85%, 10 9g) in benzene-ether (1:1, 200 ml) was washed 
WHElepnoOspnate. butter (pHi 7,3 x 25 ml). The organic 
layer was dried (MgSO ,) and evaporated. The residue was 
suspended in anhydrous dichloromethane (100 ml) and 
filtered to remove any undissolved material. The 
filtrate was diluted with pentane (100 ml) and stored 
aee-lO° for 18 hr. The precipitated peracid was collected 
bY st tltration. Lodometric titration showed thats the 
white, electrostatic needles (mp 94-95°) were greater 
than 99% pure. The recrystallized peracid could be 


stored ina plastie™=bottle at -10° for several months 


without decomposition. 


Cyclohexanecarbonyl Chloride 


Oxalyl chloride (25.4 g, 200 mM) was added to a 
Solution of Cyclohexanecarboxylic acid (12-8 9g, 100) mM) 
in eri eone bDenZencer( co OMmL) sae bo. PA ei ec 4 Miia 
room temperature the solvent was evaporated and the residue 
Geta tor give bo.c8q. (94%) Cf a colourless ilagquid 


(bp 70°, 20 mm). 
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S-tert-Butyl Cyclohexanemethanethioate (140) 


~~ 


Thallium (TI) 2-methylpropane-2-thiolate (2. 94 —q), 
10.0 mM) was added to a solution of cyclohexanecarbonyl 
chloride (1.46 9, 10.0 mM) an anhydrous ether (50 ml) ‘at 
0°. The resulting milky suspension was stirred at room 
temperature” tor | hr and then filtered through Celite. 
The filter pad was washed thoroughly with ether (4 x 25 ml) 
and the combined ether solution evaporated . The residue 
Was "Gistilled™to give 2-\0%q (1002) of 140 {bp 28°) 2>mm) 


PreeG Gls) ey S165 Cs') 
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Cyclohexylmethyl Cyclohexanecarboxylate (141, R= c-C.H, , ~CH, 0H) 


Oxidative Activation: 


Reeryeta lized 3-chloroperbenzo1ce acid (518 ma), 
20 gM) was added=to-a solution of thiol ester 140 
(200 mg, 1.0 mM) and cyclohexylmethanol (342 mg, 3.0 mM) 
impannvarous dichloromethane (LO ml) at =—78" 7) The 
reaction was seen at this temperature for 1 hr and 
then allowed to warm to room temperature over 2 hr. 
The reaction mixture was diluted with dichloromethane (10 ml) 
and washed with aqueous saturated sodium bicarbonate (5 ml), 
dried (MgSO, ) and the solvent evaporated. The residue 


WasepuEUiTed by ptlcyto give 173 mg (83%) sof 1417. 
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The properties of this material were identical with those 
of authentic material prepared from cyclohexanecarbonyl 
chloride and cyclohexylmethanol. 

veg (CCl,): 1730 (s) 

The cyclohexanecarboxylates of methanol (100%), cyclo-= 
hexanol (95%), 2,4-dimethylpentan-l-ol (75%), and 5,6—-di- 
hydroxy-5-methy1-3(E) -en-2-one (403) were prepared ina 
Similar manner. 

Phevo-lert butyl thioate may, also be converted, into 
the scorresponding carboxylic acid by a modification of this 
esterification reaction. The carboxylic acid can be isolated 
(80-90%) from a 0.1M tetrahydrofuran solution of the thiol 
ester, o-Chloroperbenzolic acid and water ain the ratio of 


ie 365, aiter overnight Stirring at. room temperature. 


So— (cent—butyldimethyisrloxy)—10s, JIR-dahydroxy—/-Ox0-2R,; 
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Bo,0n, LUs-—tetrametnyitridec—o(h)—-enorce acid (145) 


Recrystallized 3-chloroverbenzoic acid (78 mg, 0.45 mM) 
was added to a stirred suspension of thiol ester 139 (60 mg, 
0.135 mM), water (0.010 ml, 0.54 mM) and sodium benzoate 
Ung aloo emM)) Ineanhydrous, tetrahydrorunan (3 aml] jarate Or. 
TMieereactlon was) stlrred at 0° tor S50 min and then ae com 
Hemperature for 12 hr. The mixture was diluted with) ether 
Gomme ecooled to 0°, and aqueous 0. 3M sodzum chiloride-hbydro- 
chloric acid (pH 3.8, 7 ml) was added. The two phase 
mixture was then carefully taken tO ph yo eae 0 (against brome 


cresol green) with aqueous 2N sulphuric acid, stirred at 0° 
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for 5 min and then separated. The aqueous layer was 
extracted with ether (10, 5, 5 ml), and the combined 
organic layer was washed with aqueous saturated sodium 
chloride (10s)? dred (MgSO ,) and evaporated to give a 
white solid. Sublimation (40°, 0.1 mm) removed the 
crystalline benzoic acid. The pale yellow liquid residue 
was suspended in cold (0°) aqueous 0.25N sodium bicarbonate, 
and washed with dichloromethane (3 x 2 ml). The tlc and 
ir of the dichloromethane layer indicated the presence 
of unreacted starting thiol ester as a major component 
and a small amount of unidentified by-products which 
included anhydrides. Evaporation of the solvent left 
35 mg of yellow liquid. The aqueous layer was acidified 
COP se wi thneaqueous 2ZNesulohunic acid andvextracted 
with dichloromethane (3 x 5 ml). The combined organic 
phase was dried (MgSO ,) and evaporated to give a pale 
yellow tare This material was purified by ptlice (silica 
Geleat, svetnano!-cnloroform) “to afitord: 20 mg (39%) of 145. 
aint (CHC1,): 3400-2500 s(bm) 17007 (sy) L650. (mm) 745. (s) 
pmr (CDCl): aml Se (LS ye eye e3o O8 (Ce rea O pee LE) 7 

SoC cd ya a= sO, SH) imo ein 2H )ay 

6e2em (bddiyde= i 4, i) 0 Om (bd. Je 0), 

TH) 7-0-7260 am, 92H )ey 80-8216 (mn, eon); 
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Natural Methynolide (14) 


A suspension of methymycin (150 mg, 0.32 mM) 
im aqueous SNesulphuric acid (745 ml) Was stirred at 
room temperature for 20 sec and then, retluxed (for 5 main. 
The mixture darkened slightly and a precipitate appeared. 
The reaction mixture was immediately cooled, diluted 
WiLthewater s(LO0°mlj; and extracted with chlorotorm (20 ml, 
3 x 10 ml). The organic phase was washed with water 
(2a om) ») aqueous =sauubated, sodium chlorides o»mL) and 
dried (Na,SO,). Evaporation of the solvent gave 105 
mg Of an oily residue which was chromatogravhed on 
Sidica gel (10g). The eluent was inveradily Carbon tea — 
chloride, but was gradually changed to chloroform. The 
methynolide eluted from the column using chloroform to 


Grvesou mg e(ole) "os l4y(mp 158-1607; secrystal lized from 


ether), pales + 63° (methanol). 
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Synthetic methynolide from seco-acid 145 


~~wwew 


A benzene solution (0-05M, 0.30 ml, 0.040 mM) 
of freshly distilled trifluoroacetic acid anhydride was 
added to a stirred solution of seco-acid 125 G2 rng, 10 2.027 sm) 
in anhydrous benzene (2 ml) at 5°. The mixture was 
stirred at this temperature for 18 hr, at room temperature 
SOD poi, pang at e40°) tor hO hr, betore being diluted 
with anhydrous toluene (10 ml). The solvent was evaporated 
and the residue chromatographed on silicic acid (1.0 g, 
SNVLOLrOLGrm)) tO. give 7a fraction (5.5 mg)» which» consiasred 
mainly of the desired lactone are some uncyclized acid 
(the "wrong" isomer). This mixture was suspended in 
aqueous 0.25N sodium bicarbonate at 0°, and extracted with 
diehloromethane (3 x l-ml). The combined organie™ layer 
was re-extracted with aqueous 0.25N sodium bicarbonate 
(toni) diaed (MgSO ,) and evaporated. Recrystallization 
of the residue from ether-hexane gave 1.5 mg (19% based 
on the "right" isomer) of methynolide as white prisms 
(mp 159-161°). This material was identical in all 


respects with methynolide obtained from naturally occurring 
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methymycin. Most of the CD absorption (95%) of the 


Synthetic material at the specified wavelengths is due 


to methynolide. 


mass spectrum: calcd for C1 7H479, Wseeih eis 


measured:. m/e ==29 5/1912 


295. O09 
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Mercury (II) Trifluoroacetate 


A,Mixture, Of mercury (11) oxide (108-3 Gg, 500) mM) 
and siresniy distilived®tritlucroacetic acid (13/2 00g, 
1.2 M) was heated at 80° for 30 min. The excess trifluoro- 
acetic acid and the water formed in the reaction were 
removed from the solution under reduced pressure. The 
white crystalline residue was then dried (50°, 0.01 mm) 


for 48 hx to give a quantitative yield or product. 


Cyclohexylmethyl Cyclohexanecarboxylate (141, R = c-CeH, ,-CH, OH) 


Mercury (1) AcCtivatlons 
Mercury(i1) trptluercacetate, (85.55mg, (2.0 mM ) 
WaSmecdecmcOnascOlutlon Lf - thiol ester 140 (20 0emg?, 1. O= anh) 


and cyclohexylmethanol (228 mg, 2.0 mM) in anhydrous 


acertomitrale (10 mi)t After 30 min at Loom temperature 
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the reaction mixture was filtered to remove insoluble 
mercury compounds. The filter pad was washed with ether 
(2 x 10 ml) and the combined organic phase washed with 
aqueous saturated sodium bicarbonate (5 ml), aqueous 
Saturaved, sodium Chloride (5 ml); ~and dried (Na-so 


2804). 


The solvent was evaporated and the residue purified by 


ptle to give 183 mg (883) of pure 141. 


nwnw 


Other esters prepared using this method are 


summarized in Table 9 of the text. 


0,O-Dimethylzearalenone 


Finely powdered potassium carbonate (3.38 g, 
20 mM) and dimethylsulphate (1.546 g, 10 mM) were added 
to a solution of zearalenone (390 MG pec 2S, 
anhydrous acetone (40 ml). The reaction mixture was 
refluxed for 18 hr, cooled to room temperature, and 
ehersolids removed by f£1lltratzon through Celiren the 
filter pad was washed with acetone (3 x 10 ml) and the 
combined filtrate evaporated. The solid residue was 
recrystallized from ether to give 407 mg (96%) of 
pune Material (mp 115-116"). 
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0,O-Dimethylzearalenone Ethylene Ketal (148) 


This reaction and the one following were carried 
out using the method described by Taub et Aiabaas 

A solution of dimethylzearalenone (407 mg, 1.18 mM) 
in anhydrous benzene (8.5 ml) was treated with ethylene 
glycol (825 mg, 10 mM), trimethoxyorthoformate (705 mg, 
5 mM) and 4-toluenesulphonic acid (25 mg). The reaction 
Mixture was heated at 60° for 5 hr, cooled tomroom 
temperature and poured into a mixture of aqueous saturated 
sodium bicarbonate (5 ml) and aqueous saturated sodium 
chloride (5 ml). The mixture was extracted with ether 
(39s) 50 ml). The organic phase was washed with pH 7 
but er #¢25.m1.).,5 draed (MgSO,) and evaporated. The 
resulting oil solidified on standing. Recrystallization 
of this material from ether gave 423 (92%) of pure ketal 
148 hmp 104-1052). | 
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O,O-Dimethylzearalenone Seco-acid Ethylene Ketal (146) 


AT sOlution of ketal] 148 (262 mg, 0.672 aM) an 
anhydrous dimethylsulphoxide (3.15 ml) was treated dropwise 
at room temperature with aqueous 6N sodium hydroxide (2.0 
Mi)e wALter 6 he at 120° the reaction mixture was cooled 
to room temperature and poured into aqueous saturated 
sodzum chloride (10 mi). The ee was extracted with 
carbon tetrachloride (3 x 75 ml). The aqueous layer 
was separated, mixed with ether (10 ml) and carefully 
acidified against bromocresol green at 0°. The aqueous 
Javyer was extracted with ether (3° x 50 ml) “and the 
combined ether layer was dried (MgSO ,) and evaporated. 
The residue was coevaporated with anhydrous benzene (2 x 
10 ml) and finally dried under reduced pressure (0.01 mm) 
EO VgGive 2/73 mg (98%) Of Seco-acia 146. 
ie (CHC1.,): S510 Omeow edie (DS) melo) Ome Cs), eo .Omm (in) 
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S-tert-Butyl Thioate of 0,0-Dimethylzearalenone 


nee ee 


Seco-acid Ethylene Ketal (147) 


Diethyl phosphorochloridate (86.3 mg, 0.5 mM) 
dissolved in anhydrous tetrahydrofuran (1 ml) was added 
dropwise at 0° over 10 min to a stirred solution of 
seco-acid 146 (204 mg, 0.5 mM) and triethylamine 
(30-6 mg, 0.5 mM) in anhydrous tetrahydrofuran (4 ml). 
After 3 hr at room temperature the reaction mixture 
was filtered through Celite to remove the precipitated 
triethylamine hydrochloride. The filter pad was washed 
with anhydrous tetrahydrofuran (2 x 5 ml) and the combined 
filtrate treated with thallium(I) 2-methylpropane-2- 
thiolate (162 mg, 0.55 mM). After 18 hr at room temperature 
the milky white mixture was filtered through Celite. 

The filter pad was washed with tetrahydrofuran (10 ml) 
and the combined filtrate evaporated. The residue was 
adissolved in ether (25 mil), washed with water (25 mL) 

and aqueous saturated sodium chloride (2 x 5 ml), and 

dried (MgSO,) - Evaporation of the solvent gave 237 mg 
(2és)eOn Ghromatographically pure 147. 
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mass spectrum: 480 (P) 


Cyelizetionpor 47. Mercuny (11) AcEivation 
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Ketal thiol ester 147 (100 mg, 0.21 mM) was 
cyclized in 90% isolated yield to 0,0O-dimethylzearalenone 
ethylene ketal using the same procedure given above for 
cyclohexylmethyl cyclohexanecarboxylate. The material 


was) 1denticalvin ell respects ‘tovauthentic material. 


3-(tert-Butyldimethylsiloxy)methynolide (natural) (149) 


terc-butyidimethylchlorosiiane (13. 3)mg, 0.050 
mM, 1.25 equiv) was added to a solution of imidazole 
(engin). .omM = 2.5 equiv): and maturally derived 
methynolide (230%mg, 0.074 mM) in anhydrous N,;N-dimethyi— 
formamide (0.50 ml). The solution was maintained at 
C0 -eiOlO4 aii pe COOleds tO OO and the solvent 
removed under reduced pressure (0.01 mm). The residue 
was dissolved in dichloromethane (10 ml), washed with 
water (2 x 1 ml) and dried (Na,SO,). The solvent was 
evaporatea and the residue purified by ptic (silica gel, 


ethyl acetate-hexane 1:2) to give 4.7 mg (15%) of 149. 
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3-(tert-Butyldimethylsiloxy)methynolide (synthetic) ey) 


Mercury (II) trifluoroacetate (86 mg, 0.20 mM) 
WeseaddcamtOmwa “Solution ot (thiol ester (139))(50..6 img, 
O-108emM) an anhydrous acetonitrile (10 mij “After 
2 hr at room temperature the solvent was evaporated 
and the residue suspended in ether (15 ml) and filtered 
to remove the insoluble mercury compounds. The filter pad 
WaS Washed with ether (2 x 10 ml) and the combined ether 
layer washed with aqueous saturated sodium bicarbonate 
(eo eh m1) and aqueous saturated sodium chloride (2 x 5 ml). 
The aqueous layer was then back extracted with ether 
(2 x 25 ml) and the combined ether phase dried (MgSO ,) and 
evaporated to give 46 mg of crude material. A sample was 


Buritied by otle (silica gel, ethyl acetate-hexane 1:2) 
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The pmr spectrum of this material was identical to that 
of the naturally derived silyated methynolide. The 


crude product was used directly in the next reaction. 


Tetrabutylammonium fluoride 


The reaction was Carried out according to the 
procedure reported by Corey and Venkateswarlu.- ” 
Aqueous 10% tetrabutylammonium hydroxide (23.4 ml, 
10 mM) was neutralized with 48% hydrofluoric acid (ca. 0.275 
ml) at 0°. The solvent was removed under reduced pressure 
(0.01 mm), and the residue dried by coevaporation with 
benzene-acetonitrile (is, 2 x 50 ml) tol lowed by final 
drying under reduced pressure (0.91 mm) for 24 hr at 35°. 


NUN 


Synthetic methynolide (from hydrolysis of silyl derivative 149) 


Pecetcahbydrocuranesolucion (OGM, Onc o0 ml, = One2cmm) 
of tetrabutylammonium fluoride was added to a solution 
of the previously obtained siloxymethynolide 149 (46 mg, 
0.108 mM) in anhydrous tetrahydrofuran (5 ml). After 
30 hr at room temperature the solvent was removed and the 
residue purified by ptle (silica gel, ethyl acetate-hexane 
i oyetorgive 10.) mq (30%) of synthetic methynolide. 
Recrystallization from ether-hexane gave 9.2 mg of white 


Crystals (mp 158-160°). This material was Ldentical to 


the naturally derived methynolide in all respects. 
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1-8, 2-Diacetoxydesosamine Hydrochloride (153) 


Desosamine was obtained by degradation of 
erythromycin according to the method reported by Flynn 
and coworkers. ° 

Acetic anhydride (2.0 ml) was added to a suspension 
of desosamine hydrochloride (564 mg, 2.67 mM) in anhydrous 
pyridines (2.0 mi)eat 0°) The sesulting solution was 
Stirred at room temperature for 18 hr, the solvent removed 
under reduced pressure (0.01 mm), and the residue triturated 
with chloroform-ethyl acetate (1:1, 10 ml). The resulting 
precipitate was collected by filtration and dried at 
room temperature under vacuum (0.01 mm) to give 615 mg 


(Gou)m On fine white crystals (me 194-195.5°) decomp), 
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1-a-Bromo-2-acetoxydesosamine Hydrobromide (154) 


Acetic anhydride (0.050 ml) was added to a solution 
of diacetoxydesosamine hydrochloride 153 (23.70) IG a0. Oo mM) 
in a 30% acetic acid solution of hydrogen bromide (0.20 ml, 
0.98 mM). After 1 hr at room temperature the solvent 


was removed under reduced pressure (0.01 mm). The residue 
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was coevaporated with chloroform (2 x 5 ml) to give 28.9 mg 
(100%) -Ofy crude, crystalline 154 (mp 159-168", decomp), 
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[ol], TecOV AEG Mel, CHC1.) which was sufficiently pure 


FOr use, In LUrtcher reactions. 
pmr (CDC1,): Deseo y 9S (4) He > 0 edd dee es Ls, 
D6 sor My etl) ee) = Oem COTILE 6H), 7.69 (s, SH), 


870-856 (m, 2H), 8.65 (da; J =16) 3h) 


1-8-Cholesteryl-2-acetoxydesosamine Hydrobromide (155) 


Cholesterol (52-4 mg,.0.136 mM)) and, freshly 
prepared bromodesosamine [54 (147 mg, 0.41 mM) were dissolved 
in an anhydrous solution of chloroform and lutidine 
(ed oe Onl) meant ere poe hruat 50° the solvent was 
removed under reduced pressure (0.01 mm) and the residue 
eheomavograpned son, silirea gel) (3_g, ‘chlerororm—methanot 
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1-a and 1-8-(2,4-Dimethylpentan-3-yl)-2-acetoxydesosamine 


a a 


Hydrobromide (156) 


A mixture of a- and B-glycosides (67% yield) was 
obtained starting with 2,4-dimethylpentan-3-o0l (53 mg, 
0.50 mM) using the conditions given above for cholesterol. 

The pir spectrum of the oroduce was complicated, 
but a doublet at 1 4.36, J = 5 HZ was assigned to the 
anomeric proton of the a-glycoside, and a doublet at 
t 5.70, J = 8 Hz to the B-anomer. Integration of the 
Spectrum indicated that the product consisted of an 


approximately equal mixture of the two anomers. 


2'-Acetoxymethymycin (natural) 


Acetic anhydride (0.20 ml) was added to a solution 
of naturally derived methymycin (17.8 mg, 0.036 mM) eid 
annvydrous pyridine (0.30 ml) at 0°.) “Atter 1c hraat 
room temperature the solvent was removed under reduced 
pressure (0.01 mm). The residue was purified by ptlc 
(Sica rge., Bio cotomnerennianc! 9:1) to give 8.9 mg (46%) 
of 2'-acetoxymethymycin and 5.4 mg (26%) of the known 


2',10-diacetoxymethymycin. 
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2'-Acetoxymethymycin Hydrobromide (natural) S7) 


eee 


A chloroform solution (OS 0IN 2 2745 mi, Oe 0245emM, 

Ono equiv) of hydrogen bromide was added dropwise over 
7 min to a solution of 2'-acetoxymethymycin (14 mg, 
On027 2 mM Jean wnloroform (0:;50 mje After =3 additional 
min of stirring the solvent was evaporated to give 17 
mg OLecrude material. “Purification by ptlc, using the 
same system as above for the free amine, mialaed 15mg 
(100%) of pure hydrobromide. 
pmr (CDC1.,): Tee (Cand eG = 8 ) panos Onn (Cy ame melon, 

Hoo) Ue ey i ei oneal, 

Dg lel pcr el) soompi ley 

Sales eu as ne 1 oe Cis Sieh) 

7.45 (s, N[CH,],), 7.93 (s, CH,CO), 

So =O Oe iid; 72 2h) 6 165 (Spee 10 a 


Sia = 7) SH-13). 


2'-Acetoxymethymycin Hydrobromide (synthetic) (157) 


MR solution Of synthetic methynolide (13-2) mg, 
0.0419 mM) ain anhydrous chloroform (0°20 ml) and Jutidine 
(Oe5b0 ml) was added to a solution of freshly prepared 
bromodesosamine 154 (7322 mg, 0.20) mM) Vinechloreform 
(COzo Ceili) eat ter i138" hr at 50° the solvent was removed 


under reduced pressure (0.01 mm). The residue was 
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purified by the same method as the natural material to 
Give si0.7 mq (50%) “of V5) aS ascolourlesss0il ane on 
spectrum of this product was superimposable upon that 

of the naturally derived 2'-acetoxymethymycin hydrobromide 
except for a small peak-at 1012 cm attributable ite the 
a-glycoside. The pmr spectrum of the product showed that 
approximately half of the material was the desired 
B-glycoside. There was 15-20% of the a-glycoside, and 

the remainder was unknown material. No attempt was made 


to separate tEhev anomeric mixture “abythiis stage: 


Methymycin and epi-Methymycin (synthetic) 


Thespreviously cbtained Mixture Of O— Vand (b-2—ace-— 
toxymethymycin hydrobromides (10.7 mg, 0.021 mM) 
was dissolved in a mixture of methanol, water and triethyl- 
amine 0-0: 140. on ily) eieAt Cer 45 ennreat «rOometemperatuLe etic 
solvent was removed under reduced pressure (0.01 mm) to 
Give..!0..2 mg OL colourless oil. Purification by ptlc 
(silica gel, chloroform-methanol 8:2) yielded 5.0 mg 
(25% based on methynolide) of methymycin and 1.3 mg of 
Oily epi-methymycin. Recrystallization of the synthetic 
methymycin (f-glycoside), which has the natural configuration, 
from ethyl acetate gave 4.7 mg of fine white needles 


2G ; 
(mp 193-196°, decomp), [a] 5 +8660) (Cm Oaa0); CHCl). 
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PARI el 
NEW REAGENTS FOR ORGANIC SYNTHESIS 


CHAPTER 1 
A_ GENERAL SELECTIVE SYNTHESIS OF THIOL ESTERS 


During our synthetic study of the macrolide anti- 
biotic methymycin, it became necessary to employ a 
protecting group for ‘alcarboxylic acid which was relatively 
stable tO both acid and base, and which could be easily 
removed. For several reasons, we decided that the thiol 
ester function might serve this purpose. To our Strprise, 
however, in spite of the ever increasing interest in the 


enzymatic synthesis of Seylecon ses and its involvement 


in fatty acid biosynthesis (acyl transfer reactionie =” 
there has never been developed a general, selective 
method to prepare thiol esters from carboxylic acids 
and thiols which is applicable to sensitive, complex 
organic substrates. = 
There were two recently reported procedures which 
were useful in certain cases, but both methods seem to be 
limited in scope. The procedure reported by Mukaiyama 
Sted le anewiich a carboxylic! acid as reacted witha 
disulphide and pees spocpniney sane PO Sean D 
is applicable to the preparation of pyridine-2-thiol and 


benzenethiol esters, but not to that of alkanethiol 


esters. A possible mechanism for this reaction Ss 
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given in the following scheme. 


| R'COOH O 
) p*-sR ——_> nate H_) 
ee a R'C-O-P (Ce He 


Sire SR 


(CAE PT gkeg sR ———=(C ; 


cornices EU GOONS + (C eH.) 3P (0) 


R = pyridine-2-thiol, benzenethiol 


The other method, reported by Yamada es arleeaneee involves 


the reaction of diphenylphosphoryl azide or diethylphosphoryl 
cyanide With a-carboxvlic acid and a thiol to 

produce the corresponding thiol ester. This reaction 
unfortunately proceeds well only with less Substituted 
(mainly primary) alkanethiols. The reaction probably 


follows the pathway given below. 


ll Et,N 1 l Peer 
REOCH F (R1 0) Px) — = {R'0))P-0-C-R ———_ = RCOsR® 


DMF 


We were able to easily eliminate the remote possibility 
that (CHO) oP (0) SC5H. is an intermediate in Yamada's 
synthesis since no reaction occurred between this compound 
and cyclohexanecarboxylic acid in N,N-dimethylformamide 
even in the presence of triethylamine. If we accept the 
mechanism described above, it is obvious how we have to 


modify the reaction conditions in order to improve the 
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efficiency and yield of the procedure. Pirstiy, a more 
effective and selective synthesis of Carboxylic phosphoric 
anhydrides is required, and secondly we need to provide 
a stronger driving force in the second step in order to 
bring the reaction to completion. The reaction sequence 


that we found to be most satisfactory is formulated 


below. 
0, 40 
ee . (C,H,O) .P(0)C1 eT TiSr 
ee «= C5H0)P-0-C-R —————» RCOSR' 
Bt Nad THe 2 


We chose diethyl shmoasiheaciniienst date O- because 
Oteiles Nigh selectivity towards the carboxy group with 
respect to hydroxy, a requirement that must be met in 
Many Cases. “Both cyclohexanol and tert-butyl aleohos 
were recovered virtually quantitatively when allowed to 
react with the chloridate.. The selectivity of this 
reagent, which is clearly demonstated by entries 3 and 4 
of Table 10, can be favourably compared with that occurring 
with the methods involving triphenylphosphine and carbon 
tetrachloride (or conventional halogenating agents) 
which Zeact with both the eevanerse and hydroxy auemeeen 
The triethylamine hydrochloride produced in the 
first step Of the reaction Quantitatively precipitates 
from the tetrahydrofuran solution and is removed by 


filtration. This ensures the complete formation of the 
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Table 10: Examples of the Thiol Ester Synthesis 


Entry Product Vore laa) 
il | = 
Ri atc (Cue 94 
R = CH(CH.) 90 
TO et 91 
BGs 92 
2 90 
2 5 oe LONE 86 
= H3)3 
Be CHICH 7, 90 
R= (CH,),CH 86 
4 CH (CH) 5CH(OH) (CH,) , pCOSC (CH) 3 84 
5 R = C(CH,), 89 
( )-c,0c0-n se GC) 93 
= (CH.) .CH 95 
COSR vecuaae 


Elemental “analyses end spectral data of all products are 


consistent with those formulated in the Table (see experimental). 
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intermediate anhydride and also avoids some complications 
that may arise with the use of other phosphorating 


Asieneg oe! 


For instance, when diphenylphosphoryl 
azide is used to prepare the mixed anhydride, compounds 
derived via a Curtius rearrangement of the carboxylic 
acid azide are the usual products isolated from the 
reaction. Only when a good nucleophile (amine or thiol) 
ee Present In the original reaction mixture is the 
corresponding amide or thioate formed as the major product. 
Yamada has used this ready formation of the azide ina 
modified Curtius reaction to form urethanes and also in 
peptide synthesis.1®/@ 
The carboxylic phosphoric anhydride is rather 
Loe 


labile to heat and base and is prone to disproportionate 


according to uthe ol lowing equation. 


2 (RO). P=O=C=Re = (RCO).20 + [(R'O) PO] ,0 


Because of this Giessen iments, the ensuing last 
step requires an appropriate thiolate counter-ion that 
brings the reaction to completion with high efficiency. 
Among several common cations which we tested, such as 
sodium and potassium, we found that thallium(I) was the 
Most Satisfactory, because of the ease of preparation and 
the reasonable solubility in aprotic solvents of its 
crystalline thiolate salts. Thus, we prepared the yellow 


thallium(I) salts of primary, secondary, and tertiary 
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alkanethiols by reacting thallium(I) ethoxide with the 
thiols in benzene at room temperature. The thiolate 
salts precipitated from the benzene and were isolated 
in excellent Vrelds bys filtration. 

Overnight stirring at room temperature of a mixture 
of othe “cerboxylic phosphoric anhydride and a-thallium(@) 
thiolate produced the corresponding, very clean, thiol 
ester. This method is applicable to even a reactive 
thiol ester such as pyridine-2-thiol (entry 2) and appears 
in some cases to supersede the methods employed 
previously because of its simple workup procedure. 
Pyridine-2-thiol esters have previously been prepared 
evrtner Via the acid chloride or by means of diveyclonexy1— 


coudtuaditedee, 2 = 


and later by Mukaiyama et al. and 

by other groups, using triphenylphosphine and the corres- 
ponding disulphide. This latter procedure very often 
involves: a tedious: workup, in O©Lrder to, Separate: the 

pure product from the triphenylphosvhine oxide that forms 
concomitantly. Needless to say, in the case of a hydroxy 
carboxylic acid, the selectivity of the new method allows 
the hydroxy group of the resulting alkanethiol ester 

to be operated upon, followed by further conversion of the 
Garboxy group. Of course, in cases where the acid 


chloride is available, and thus the selective activation 


of the carboxy group is not demanded, the reaction 


- 7 ! : 
q i 7 ke 
s ai a / a 
7 oe 7 
7 


ih » y Py 
‘© ,-. 
eed im { 
= 
; i ; ra, 
i ~a ar v 
< { » - 
ee | = a 
i 
fi ] A ‘ my! _ ? 
i 


‘2 


vy en Jeu i} we fo 8 a On. ee ‘ 


mie bl awa &§ hat -: 


a oe 7 - 
7 ua 


os me wakes ne Or : to east at ‘ 
\ Gan A ani not a 4, “ , 51 igtooia - 
~ 
ty a thi 2 a ‘ at et d dunt lene 
7 ae 
ret Tk gaia $a nI9¥ 5 7 
oat ac 


dish so la mete Pas (gx 380 
oa 


‘ hragrs.ToOy ae 1 =i 
yisie .~Mevie Yee" a “vr nee 4 a 
xJ ay 
4 » <8 “4 : ty =, it LSP if Ss it oe ‘3 om shif 
=f ’ Mra ao At 
bad 7 ¥) > pi st rstea 
bere ~op at sy eal axe: us 
% 
e 
i i 3 a ay: Y cat 7 m ¢ aa ay 2 
* P ar 
di i | - rt H ik: TVR ft lpr > ? a - ay ‘ = nit av evo lye a8 
’ ‘ ps ; sia 
ddd) heir Sate Lutte crete 
i are iy 
"6 Sears b = i @ 
sv , wi " 
(it Gnt | radaet aa ~* 
es in 
Ader! Peet we .aquetp zenisto 46 
ri 4 - ay 
TF : ; { tbe < Oc, 
{i cis z it ztCw ? 
.s alt mas 
4 wih rie. oft SSO h rn ote oad 
eee 
- 7 i 
' ' 5 | 7 ao iy geal heot. 4 
— - oe - : ; 
: ian wan 4 » sales arid 6 — or ae 
‘ 4? * 
ewhie ware 
tten Ti lbAvones year: end To. we 
- 
: } + wed taut “ye a bem axio} \noa 


a 


220 


of thevthallium(l) thiolate. directly with the acad 
chloride (see Part) 1, Chapter 7)) isethe preferred method 
of preparing the thiol ester. 

The mild, selective synthesis of thiol esters, 
developed to meet the demand which originated in the 
macrolide synthesis, has been successfully applied to many 
compounds including natural products, such as cytochalacins 


and zearalenone. 
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CHAPTER 2 
NEW _ORGANOCUPRATE REAGENTS 


A) (INTRODUCTION 


Organocuprates were first discovered in 1936 

: Loo 
by H. Gilman when he observed that if a second 
equivalent of methyllithium was added to a suspension of 


methylcopper, then the yellow precipitate of the latter 


species dissolved to give a tan solution. 


2 CH pg NESE censors inal Gi (OH | 


3 ap diya JE 


3) 2 
As work in this area of chemistry progressed, 
three main classes of organocuprates were develoved: 
(1) homocuprates [Licur,], (2) mixed homocuprates 
[LiCGaRk: |) and (3) heterocuprates [DiCcuRHet)], The 
actual structure of these compounds is not yet known, 
but they are usually notated as above on the basis of 
stoichiometry and convenience. 
There are three general methods for the preparation 


of homocuprates. 


1D 2 aie eC a LicuR, +) 53% 


2) Lik + CuR —-——— LiCuR, 


2 ec Celera O11X, —— LicuR,-L L = ligand 


The use of a complexing ligand such as tributylphosphine 


both stabilizes and solubilizes the resulting homocuprate. 
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This third method allows the preparation of cuprates 
with R consisting of a secondary or tertiary alkyl group 
even in cases where the former two methods fail. 

In the mid-1960's organocuprates became of 
increasing interest as their synthetic utility was 
developed. Some of the major applications of homocuprates 


to organic synthesis are outlined on the following 


few pages. 


: 170 [0] 
Coupling Reactions: Li CuR,, ee 


The oxidizing agent is usually oxygen, copper (IT) 
Saits Olli tTobenzene. This reaction is a suserul 
compliment to the Wurtz coupling of alkyl halides. Two 


examples of this coupling reaction are given below. 


Z LiC,Hy ory OM ES P(C4Hg) 3 eee nie 


2A ee CULE P(CyH) 5 REO 
stereoselective 


Reaction with Aryl, Alkyl and Acyl Halides: 


This reaction 1S superior to that of organocopper (1) 
compounds (CuR) with halides. However, the disadvantage 
of the reaction is that a five-fold excess of the cuprate 
is usually required for complete reaction. Saturated halides 
are more reactive than aryl halides. In addition, sulphonate 


esters also react to produce the coupled products. 
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eee Cie O | ref 171 
CH, 
CH, 
+ LiCu(CH,)., a ret ol/2Z 


S Br 


‘s -I + Licu (CH), —— ee (CH 


1031 in 


CoH,,7-% + LicuWy) , ——> C,H, 4 <= =, Br, cL,OLrs 


Other features Of vthirs coupling reaction are that the 
Cupreate usually reacts with allylic halides via an 

Sy? mechanism rather than by the alternative Sy? 
pathway, and that carbonyl protection is often not 
required in a competition reaction because of the high 
rellative selectivity of the cuprate, ULthium dialkyl! 
and diphenylcuprates also react cleanly and under mild 
Conditions with various carboxylic acid chlorides to 


: ‘ il 
give the corresponding ketones in good yield. ue 
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~ Licusy , SS Ter Wyse 
Br 
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+ Licu S15 eS ° ref 174 
Br 
Oo CH. 


Reaction with Epoxides: 


Organocuprates react more efficiently than 
organolithium compounds with oxiranes to give secondary 
elConols vial a reglospecitic nucleophilic ares one 
the oxirane ring. Again because of the high relative 
selectivity of the cuprate, carbonyl protection is not 
always necessary. Allylic epoxides occasionally 
undergo), 4 addition giving the E-allylic alcohol as 
the major product. However, this opening is dependent 
on the geometry of the substrate, and usually 1,2 addition 


predominates (see Part I, Chapter 5). 
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Reactions with Conjugated Enones: 


Organocuprate reagents add to a, f-unsaturated 
Ketones and, esters, and to allylic acetates ina l,4 
fashion. This reaction has been used extensively in 


organic synthesis, especially in cases where stereo- 


selectivity is required. Several examples are given below. 
CH, "35 CH, 
wOAc wOAc 
es ref 176 
O O 
H H 
i 3 CH, H 
“a ‘ ( ) : 
4 acu (CH —— 
OAc aC ae ref 177 
CH. 
O 


. O 
Se Licue~y) 5 ee ne ref 178 
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The second step in the development of organocuprates 


was the preparation of mixed homocuprates of the form 
LiCuRR', which would allow specific transfer of one of 
the R groups. If the cuprate (CuRR') is viewed to be 

an ion composed of a cation (copper) and two anions 
(Reand@R™) swith a net charge of minus cone, then 1t. has 
been found that the group which is not transferred is the 


one which can form the more stable anion. Thus, the best 


choices for a non-transferring group would therefore include 


alkynyl and cyano groups, since they form stable anions. 
For“example, @f"R 1S an“alkyl group and’ R* 1S cyanade, 


the less stable alkyl anion is transferred. Although 


such groups (alkynyl, cyanide) appear to offer the greatest 


selectivity, there is often a drawback with the mixed 
cuprates since the reactivity of the second (transferable) 
organic group in the cuprate is significantly decreased 
by inclusion in the complex, relative to that which 
would be expected from the corresponding symmetrical 
homocuprate. The selectivity of transfer was found to be 
themsameuton reactions Of the mixed cuprate with  borh 
halides and enones. 

The reason for developing these mixed cuprates 
Wwasce based on the limitations Of the homecuprates. | One 
tiniitation 16 the need for a three to Live fold excess 
of the cuprate in order to obtain complete conversion 


of the substrate. A second disadvantage of the procedure 
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is reflected in the stoichiometry of the reaction i.e., 
Only One Gi thne two alkyl groups of the cupratre ie 
normally converted to the product; the second is usually 
lost to thermal decomposition of the resulting alkyl- 
copper(I) compound formed in the reaction. Another 
reason for the development of the mixed cuprate was 

the high thermal instability of secondary and tertiary 
dialkylcuprates which made them difficult to use. 


Several types of mixed cuprates have been developed. 


The first mixed cuprates were of the form LiCuRR', 
where the R group was alkyl or alkenyl, and R' was 
eilistiwilas 20 e ¢ Corey and Beomecae used the following 
synthetic scheme to prepare a mixed cuprate. 


CuR, + LiR,——> LicuR_R, 


residual R group 


ine = 
Ry = transferring R group 
cj i 
e.g. C,H,-CsC-cu + R,Li —~ + 
Re 
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An extension of this idea was reported by 
182 


Bevisaltes*et al: In their cuprate the residual group 


was a cyano function, which is isoelectronic with the 
alkynyl groups used by Corey. This cyanocuprate is 
reported’ tO be as good as, if not better than, the 
homocuprates in substitution reaction with halides, and 
in 1,4 additions to a,8-unsaturated carbonyl compounds. 
The next modification of the mixed cuprate was 


the development of a cuprate with a heteroatom group 


bound to copper in place of the alkynyl or cyano group. . 


The heteroatom functions included alkoxy, aryloxy. 


alkylthio, arylthio and dialkylamine groups. = The 


prevaration of these heterocuprates is outlined in the 


following scheme. 


Het-H + LiBu ————~ LiHet + BuH 


LiHet + Cul ——~ CuHet + Lil 


CuHet + LiR ——~ LiCuRHet 


Pneaesceuay by @bOsnen wet Pibes the ech mun 


(phenylthio)alkylcuprate was found to be the most useful 


heterocuprate. It reacted better with carboxylic acid 
chlorides and a,a-dibromoketones, and equally well with 
alkyl halides and enones, than the corresponding 
homocuprates. this reagent was especially useful in 


accomplishing the transfer of secondary and tertiary. 
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alkyl groups. In addition, all of these reactions 
were achieved with only a 20-30% excess of the cuprate, which 
is a great improvement in the reaction efficiency. 

The mechanism of ther conjugate adaition oo; 
organocuprates to a,f-unsaturated carbonyl compounds 
has been suggested by H. shew to involve an electron 
Eranster process. The reaction 1s) believed to first 
involve electron transfer to’the unsaturated carbonyl 
system to form an anion radical and an electron deficient 
metal cluster associated as a tight ion pair. Rebonding 
within this ion pair, followed by intramolecular 
rearrangement of an alkyl group gives the lithium enolate 
and an organocopper(I) compound which frequently polymerizes 
and precipitates out of the reaction mixture. A correlation 
of the polarographic reduction potentials of various 
a,B-unsaturated carbonyl compounds and the reactions 
with lithium dimethylcuprate was shown to be compatible 


With this = SE, Sees 


The mechanism of the reaction of organocuprates 
with alkyl halides and sulphonate esters is not straight- 
forward. There have been four principle mechanistic 

L855 


pathways proposed for this reaction. They are 


summarized in Figure 9. 
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Figure 9: Possible Reaction Mechanisms 
or Organocuprates with Alkyl Halides 
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Johnson and Dutrat®° have made an intensive 
Study of the reaction of lithium diorganocuprates with 
tosylates and have found that most secondary tosylates 
react Tiere er enon of configuration, which may be 
accompanied by some elimination. Rate studies revealed 
that second order kinetics hold over a wide concentration 
range and Only deviate at high tosylate concentrations: 
They eliminated the third mechanism in Figure 9 since 
it would likely lead to extensive or even total racemization 
and is not consistent with the highly stereospecific 
inversions observed. Their final analysis supports the 
second proposed mechanism. The attack by copper would 
explain the extraordinary nucleophilicity of the cuprates 
when compared with Grignard reagents or organolithium 
compounds. There is some support for the copper (IIT) 
intermediate suggested by Johnson and Dutra since a 
relatively stable trialkylgold(III) complex has been 
reported by Tamaki and Rocwiee o These authors found 
that dialkylaurates(I) were powerful nucleophiles which 
reacted with iodomethane to produce a relatively stable 


gold(III) complex. This complex was shown to be a square 
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planar structure with the two alkyl groups originally 
present in the gold(I) complex occupying trans positions. 
Earlier studies had shown that gold(III) complexes 


decompose thermally to give alkyl coupling products and 


a gold(T) complex, 18? 


It is reasonable to assume that copper(I) complexes might 
uUnGdergo Similar reactions. Collavse of a copper (1 ep) 
intermediate would result in the coupling of two cis 
ligands. 

However, Other studies have shown that although the 
mechanism suggested by Johnson and Dutra may be viable for 
the reaction between organocuprates and simple sulphonate 
esters, it does not explain all organocopper substitution 
reactions with alkyl-type electrophiles. Posner AGO 
Ting'88 presented evidence for the existence of a different 
mechanism. If a copper(III) intermediate was formed in 
boehe cases, Similars produce Gdistribution, shoul deresiit. 
Since this is not the case,:' there is evidence for two 
GQifferent mechanistic pathways. They also present 
Oller cases of ethylenic participation in) the: reaction 
of organocuprates with tosylates. In addition, mechanistic 


studies done in this laboratory have shown that with 
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lithium dihydrocuprate (vide infra) reduction of 
2-mesyloxynorboranes proceeds with inversion of configuration, 
whereas the reduction of the corresponding bromides takes 
place with retention 4° 

Organocuprates therefore appear to react via 
Several different mechanisms depending upon the substrate 
involved in the reaction. Whether this is indeed due 
to several parallel processes proceeding simultaneously 
or to a single as yet unexplained mechanism has not been 
determined. 


Discussion Of other reactions of cuprates and 


organocopper(I) species may be found in several review 
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B) HYDRIDE-CONTAINING ORGANOCUPRATES 


As part of our synthesis of methymycin (see 
Part I) it became necessary to convert an iodide or 
tosylate into the corresponding hydrocarbon. This 
problem necessitated our search for a method which would 
effect removal of halides and sulphonate esters, and 
thus indirectly hydroxy groups. There were several methods 
available at the time this study was begun. These 
included: (1) Hacer sodium cyanoborohydride reduc- 


skeee which was, discussed in Part Lot this thesas, 


(2) lithium aluminum hydride reduction of halides; 


(3) the lithium triethylborohydride reduction reported by 


19) 


Brown and Krishnamurthy and (4) Ireland et al.*s reduction 


of the tetramethylphosphorodiamides (or diethyl phosphates) 


Hs) 


of alcohols with lithium and ethanamine. The equations 


Por’ these reductions are summarized below. 


1) R-X + NaBH,CN ———»R-H Xe Ol Si le reba 


3 

2) R-X + LiAlH, Se RH 

£0) LiBH(C.H,) , + R-X ——» R-H + (CoH.) 2B + Lix 
i bay C,H,NH, 

4) R-OH—* ROP [N (CH) 5], ——————_—_—_—__—————» R-H 


None of these reactions was, however, entirely satisfactory. 


We desired a method which would proceed with high 
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efriciency,,stereospecificity, operational Simplacity, 
and under mild conditions. By analogy with the homocuprates 
discussed in Lhewaintroduction to, this chapter, at 
appeared that a hydride-containing cuprate would be a 
good choice for such a reagent. In order to synthesize 
the desired compound we needed a species capable of 
replacing the halide of a copper(I) salt by the hydride 
group. Lithium trimethoxyaluminum meget (LTMA) was 
chosen since it is soluble in aprotic organic solvents and 
because it has the advantage of having only one active 
hydrogen, and thus control of the stoichiometry of the 
reaction would be relatively simple. 

Accordingly, it was found that the dropwise addition 
of two equivalents of a tetrahydrofuran solution of LTMA 
to a suspension of purified copper(I) iodide in tetra- 
hyvdroLurans produced a thick, dark brown, mixture. During 
the addition the mixture often became too viscous to stir 
and just enough tetrahydrofuran was added to allow for 
efficient mixing. This addition of LTMA solution with 
subsequent addition of a small amount of tetrahydrofuran 
was repeated until all of the LTMA solution had been 
added. It appears that forcing a gelatinous material (which 
we assume to be aluminum trimethoxide) out of the solution 
by mixing the reagents in this way is essential. Because 


of this obvious concentration dependence, it was found 
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necessary that the concentration of LTMA be in the range 

of 0.9 to 1.1M for satisfactory results. This resulting 

dark brown mixture satisfied virtually all of the requirements 
o£ the desired reducing agent with a wide variety of 


substrates. 
2 LiA1H(OCH3) , + Cul ——»Reagent I 
R-X + Reagent I ———»R-H 
KO sabia eu, OMSheO ts 


Table 11 shows that the reduction proceeded with primary 
(entries 1-3), secondary (5-8), tertiary (9), allyl 

(10 and 11), vinyl (12-14), aryl (15), neopentyl bromides 
(iG) and alrcyclopropy! geminal dibromide, (17). in all 

of these cases the yields of the reduced products were 
excellent and the reactions wave complete in less 

than two hours at room temperature. We followed the 
reactions by gas chromatographic analysis and based 

the yields on relative glpc peak areas of the product and 
internal hydrocarbon (octane or decane) standard which 
were corrected for ‘the relative Sensitivity of “the detector. 
Once conditions had been worked out for the reaction 

the reaction was scaled up. It proceeded just as well 
Oneapreparative (30)mM) scale. Furthermore, primary (13) 
and secondary (19-21) mesylates, tosylates (22) and an 


epoxide (23) underwent equally smooth reductive cleavage. 
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®& chloride (4) required a longer reaction time and an 
excess amount of the reducing agent in order to achieve 
a 96% yield of product. However, even this tardy 
reaction is very gratifying when compared with the sodium 
cyanoborohydride reduction which yielded less than 23 
of the corresponding hydrocarbon after treatment with 
four molar equivalents of the borohydride for 92 hours 
at room temperature. 

The near quantitative reduction of the substrates was 
Only realized when two molar equivalents of LTMA with 
respects to copper (1) ~1odide (or substrate) was used (toe 
prepare the reagent. When one equivalent of hydride was 
used the reduction proceeded only to an extent of 50% 
completion or less. We believe that this result suggests 
that the reducing species is a cuprate, which may be 
formulated as LiCuH, on the basis of its apparent stoichio-— 
metry, and that copper(I) Adee which has been 
reported to have some reducing one, 2S SMO Lye pais t beets 
responsible for the reaction if at all. 

In order to investigate the stereochemistry of 
the reaction, lithium trimethoxyaluminum deuteride was 
used to prepare the reagent and the reaction mixture 
‘was worked up with H,O. interestingly the reduction 
of both exo- and endo-2-bromonorbornones proceeded 
with 100% retention, whereas the corresponding methanesul- 
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stereochemistry. Careful integration of the pmr spectra 

of samples collected by preparative gas chromatography 

was used to study the stereochemistry of deuterium 

incorporation. These results are summarized in Table 12. 

For instance, the product isolated from the reduction 

of endo-2-bromonorborane was identified as the pure 

endo-d isomer by measuring the decrease in the intensity 

Gene pm Ssignale-at.t 8.87 (endo: Hi) musing pune wi ntensity 

of the bridgehead protons (t 7.72) as a standard. While 

Phe Telatave intensity Of the exo protonse(y 10.907) .cO Ene 

bridgehead protons remained unchanged (4:2) as in the case 

of norbornane, the intensity of the signal due to the 

endo protons at t 8.87 diminished by an amount corresponding ' 

EOLOne, proton, 1m Ehe deuterated product... Ir spectra, or 

the samples confirmed the endo and exo assignments of the 

pedauterionorbornaness =| 
The stereospecificity of the reduction of (E)—l-bromo— 

ect—t—ene is) interesting:  Pirst, “(E)-1-deuteriooct—i—ene 

was prepared as a standard using the procedure reported 
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Tablevi2: Deuterium Incorporation into Norbornane 


Relatives rocon eintegrat Lous 


Compound Bridging & endo exo- Bridgehead 


> 


Norbornane 6.0° .0 2.00 


exo-2-Deuterionorbornane 


(endo-mesylate) GreZ oy 8) a5) 


exo-2-Deuterionorbornane 


(exo-bromide) 6.0 Se 20 


endo-2-Deuterionorbornane 


(exo-mesylate) Sis Shas: Zi0 


endo-2-Deuterionorbornane 
(endo-bromide) Ss 5) 4.0 220 


Integrated Region {8 tenet ene pe 8) 8.4-8.7 Pas ee 
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Use of the deuterated copper reagent with an HO workup 


2 
led to no deuterium incorporation in the product, whereas 
an approximately 1:1 mixture of (re Onn 7) Cet eto 
oct-l-ene resulted upon treatment with the non-deuterated 
reagent and a D0 workup. These experiments clearly show 
that hydrogen (or deuterium) was introduced at the workup 
stage with HO (or D0) serving as the proton source. 
Although the stereochemical integrity was lost in the 
reaction apparently thermally (room temperature) stable 
organocopper complexes were formed. This stability is not 
seen with the saturated substrates such as the norbornane 
derivatives described above where the reagent is the source 
of the incorporated deuterium. This is also the case 
with the reduction of l-bromoadamantane; the mass spectrum of 
the reduction product showed high deuterium incorporation. 

The above results suggest that, as wath dialkyi-— 
cuprates, the reaction mechanism is very complex, and that 
two or more different pathways are available for the 
reactions. This copper reagent has also recently been 
shown by Semmelhack and Stauffer- 9° EOsadd inva el, 4 cashaon 
to a,®-unsaturated carbonyl systems via an electron 
transfer process. 

The reducing reagent described above was extremely 


efficient but had the disadvantage that it also readily 


reduced carbonyl functions, and thus did not possess as 
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wide a scope as we desired. Again by analogy with other 
cuprates, we felt that if we could develop a mixed cuprate 
(LiCuHR) containing an alkyl or alkynyl group which would 
not be transferred during the reaction, then perhaps the 
reactivity of the reagent would be lowered making it 


more selective. 


There are several methods available for preparing 


copper (1) horde. but we found that the Whitesides 


194b ; 
procedure gave the best results and this procedure 
WacruSsed Phroughout our study. ~—Polymeiic scopper (1) 
hydride was prepared by adding diisobutylaluminum hydride 


to a pyridine solution of purified copper(I) iodide at 


POO. Atten S0cminutes the reaction was centrituged to 


Pca 


compact the product and the solvent was removed by syringe. 


Our modified cuprate was then prepared by reacting this 
copper(I) hydride with an equimolar amount Of van alkyd. 
(or alkyny..) Jithium in erther tCetrahydreburany or wether 
at -40°. The alkynyllithium solutions were prepared from 
the alkyne ana halide-free methyllithium. 


We used 2-bromononane as a substrate in order to 


examine the reaction variables that influence the reactivity 


of the copper complexes and the yield of the product 


(nonane contaminated with a minute (3-4%) amount of nonene).. 


These results are summarized in Table 13. The first four 


entries show that four molar equivalents of cuprate is 
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required to complete the reduction in a short reaction 
time. Of several complexes differing in the residual group, 
the reaction proceeds most satisfactorily with 
LiCuH (n-C,Hy),~ and diethyl ether is definitely superior 
to tetrahydrofuran as a solvent. A simple kinetic study 
of the reduction of 2-bromononane with LiCuH (n-C Hg) over 
a temperature range of -40 to 20° showed that the reduction 
followed roughly second order kinetics. We believe that 
the smooth increase in rate as the temperature is raised 
indicates at least that the reagent is stable and undergoes 
no dramatic change in structure and degree of aggregation 
in solution over a wide range of temperature. Figure 
HUMshows, this kinetic data. 

From the information in Table 13 it was apparent 


that four molar equivalents of LiCuH (n-C ,H ) Pain ether at 


9 
room temperature was a satisfactory reduction medium and 
these conditions were applied to a variety of substrates. 
Table 14 summarizes the results obtained with representative 
samples. Reduction of primary, secondary, and tertiary 


halides and mesylates (or tosylates) was found to proceed 


Welle lCuLS interesting thate che yhomoalklylie tosylate 


* 6 : 
Reemoced earlier, this formula merely 1andacates tener ratzo 


of each reagent used to prepare the reducing species. 
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(entry 6) provided the corresponding alkene without 
complication. “This result is in contrast with the report 

of Posner and it ayei ae concerning ethylenic participation 
described am the introduction to this chapter. “An 

aldehyde and a ketone (vider intra) "were readiuly educed 

to the corresponding hydroxy compounds with no incorporation 
of the n-C4Hy group which was rather surprising. The 

ester group resisted reduction (entries 8 and 9) and in 

fact survived completely in both inter- and intramolecular 
competition experiments (entries 12-15). 

Our goal has thus been achieved to prepare a mild, 
high yield, stereospecific reducing agent for halides 
and sulphonate esters. 

We also investigated a rather interesting extension 
of this reagent. Although aldehydic and ketonic compounds 
are readily reduced with the cuprate complex, the carbonyl 
groups may survive as enolates if 1,4- rather than 1,2-addi- 
tion to the a,6-unsaturated carbonyl system occurs. 
Because of the higher susceptibility of the enone system 
to this reduction than halo and mesyloxy groups, the 
reaction 1s complete within thirty minutes at —407 


Withelaecun(n-C,H)) ineether- = The veculting enolate sthen 


49 
could be used directly for further reactions such as 
ress 2 
alkylation and Michael Bade ones = House a has shown 


that in some cases at least that reduction of an enone 


i 7 a 


re 


To. a 
hens cae wre cae sven a ee 
iqademapsa Ih i let See ROHR, 00 : a 
3) aethkiagaas  edtes age tek, uaeg ae 
sce io (he Rl eurakw Beton Beoeiers nant | oe 


he ote hte, Mie © } bisbibe iy heviwws - 
. it Lek’ Sates 2 Qe sega mer, 


Bite o SIRGSe5 1? Derreg -f ¢ PaeM Aue, wut aoe aay 7 : - - 
er ea Mea wofeq 1k Sg ee SRR Mi 


wistes asenaigtgs ead 
fied!) ued «A co) ee Deane cele ot 
ra ueied pawta «teteter ahd sa 2 
re ond i omg mals) dal Gere eee 
~ ified ‘6 Soutae.s? aby Co Ws atens, ait emt Qi mga 


> dvrotam i2ancud daniel ets or 


a4 diant ve: 


i. a ny ey 
we ) aarey. <aT! one ar.’ libs a i | Fe _-Iaue sete a>, +? 


Citta Our. YAO Pagal aie Last’ Mest whey oH 

| Ohi fey ee nr en oP lits 7 eee re 

hant aseieutn pal at tina bat. cautiaw acd oe seo 
@h ifoda! engiaree? ‘egacer 18 yf Lowel Sie | Arpt 
vei we aT eee eerily ie dea sis 
P aaa: 06 3n estate pone 


20 


system with a cuprate is a result of the thermal decom- 
position of the reagent to form copper(I) hydride derivatives. 
There is thus some discrepancy concerning the actual 
reducing species that effects the reduction of enone 
systems. This aspect of the organocuprate is currently 


being investigated. 
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CHAPTER 3 


EXPERIMENTAL 


General: ._See page 142, 
Diethyl Phosphorochloridate 


This reaction was carried out according to the pro- 
cedure reported by Steinberg.*?3 

triethylamine. (3.2) mi, e ena 2ec ee lOnnM) mwases Lows, 
added’ £0 "a-cold (0°), Stirred mixture of diethyl phospia te 
(24) 06 ¢G)4.200 mM)) and carbon tetrachlorides(s5. mil 6 lad, 
400 mM). After 15 min at 0° the reaction mixture was 
allowed to warm to room temperature. Stirring was con- 
tinued for 3 hr before the mixture was filtered and the 
filtrate evaporated. The residue was distilled to give 


28 g (81%) of the chloridate as a colourless liquid (bp 


Oe en) ae 


Thallium(I) 2-Methy1-2-propanethiolate 


2-Methyl-2-propanethiol (1.98 g, 22 mM) was added 
dropwise over 5 min to a stirred solution of thallium(TI) 
ebhoxrde (5.0.0, 20.mM) in enhydrous, benzene.) (20 anl)r 
Artem £5 min the precipitate was tiltered under argon and 
washed thoroughly with anhydrous pentane (3° x) 10 sml) to 
Giver5.6 -o (95%) of thal lium(l) 2-methyl>2-propanetnio— 
late as bright yellow crystals (mp 170-175°, decomp). 


The same procedure was used to prepare the thallium (1) 
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205% 
salts of pyridine-2-thiol, propanethiol, 2-propanethiol, 
and benzenethiol. These thiolates were also bright yellow 


and were prepared in yields of 85 to 95%. 


S-tert-Butyl Cyclohexanemethanethioate 


Dilethy UV pnosphorochloridates (i 7cug. LOemM)e in 
anhydrous tetrahydrofuran (5 ml) was added dropwise to a 
solution of cyclohexanecarboxylic acid (1.28 g, 10 mM) 
and triethylamine (1.01 g, 10 mM) in anhydrous tetra- 
hydrofuran (25 ml). The mixture was stirred at room 
temperature for 3 he, and the precipitated triethylamine 
hydrochloride was removed by filtration and washed with 
tetrahydrofuran (10 ml). To the combined filtrate and 
washing was added thallium(I) 2-methyl-2-propanethiolate 
G3e225 079 Liomi)s, and the mixture was stirred at .oom 
temperature for 18 hr. The reaction mixture was filtered 
through Celite and the filter pad washed with ether (2 x 
10 ml). The combined filtrate was evaporated, and the 
residue dissolved in ether (50 ml). The ether solution 
was washed with aqueous saturated sodium bicarbonate (10 
ml), aqueous saturated sodium chloride (2 x 10) ml), dried 


(MgSO and evaporated. The residue was distilled to give 


4) 
1.87 9g (94%) of colourless S-tert-butyl cyclohexane-— 


methanethioate (bp 58-61°, 0.05 mm). 
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aba, (CHCl) : 1680 (s) 


pmr (CCl,): Peis ON (ys 1H) 759-8 Oe (yee lLOH) oe 5 Jeu sy eo tl) 


mass spectr' Calcd for Gin On ae: m/e 


measured: m/e 


200582349 


200212323 
elemental analysis: caled for C1445 908: CeOo oon eel Oru or 
S.16.00 
LOUMC2s me CrOOr tL ois ie PO RaL cer 


SiGe 


The above procedure was used to prepare the other 
thiol esters in Table 10. The physical properties of 


these products are given below. 
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S-Propyl Cyclohexanemethanethioate 


Deol 63 oe Oe Ae mm 
leg (CHC1.,): L6G) (Ss) 
pmr (CDC1,): ileed ee OP CC Ui Oe ip ect ie enO a iret) i 
Ss0=c. Ce (itpet 2H )e eos 0st a Ooo) 
mass spectrum: 186 (P) 
Gene talpanalycaisacaledmtor Cy 9H 908: CLG4¢ 52 pats 9.00% 
OVS COGS bia 20 
FOUNG se CeO4 25 7 Hm Oy 


Om 284577 owl O ow 


eegenenysCyclonexanecmethancthioate 


Deseo 0102 0. emi 
ste g (CHC1 3): 1700 (s) 
pmr (CDC13) : je eens Sia Sesh) iis Gi NEED PT ones eos 
(m, 10H) 
mass spectrum: 220 (P) 
elemental analysis: calcd for C1 3H 1,608: Coe Od tle eee 
OW 2 Go Lao 
found aC O00 tt mea 


ODS YER ney es PRONE GS) 


S-2-Pyridine Cyclohexanemethanethioate 


BG 2 SS 


bp:) sprepared by (tic 
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pie: (CHC1,): 187052 8CS) 
pre (CDCl) 7 1.3 (m, 1H), 2.3-3.0 (mi, su), aero een, 


dn) 7-7-9.0 (my, 10H) 


mass spectrum: calcd for C, 5H, .NO*4s: m/e 


measured: m/e 


221.08744 


22.08 130 


Sacert—-Duty. wihiol Ester of Cholic Acid 


mo: —Lo4—-1'65~ 

a (CHC1,) : 36.20, 3600-3300, 1680 

pmr (CDC1.,) : Gs 0) GS pn OF) 2,09 OSC ame = 8O:; ae orl) ey oo ole 
(s, 3H), 9.32 (s, 3H) 

32 


mess Spectrum:  calcd*for Ca .H.0 


pray p iene 6) (=eiehi 


444.30620 : 


3 

~ 
0) 
I 


444.30562 


measured: m/e 

elemental analysis: calcd for C5 gH, 9048: Cr GS7297 re LONOr 
Or Bsas2ers 76107 

Bourncdege C20052. hon a, 


OF14.10;,. S 6.83 


Sac— CODY ein OES ter sor cholic eAcid 


mp: 142-143° 


nis (CHCl): 3620,-73300—3500 725680 


lI 
~ 
= 
ron 
a 
= 


pmr (CDC1,): meos5= (Sept, w =) 7, (1H), 38. ds 
Ore Ie Savoury edo 2 (Syke) 


mass spectrum: 466 (P) 
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elemental analyecas': caled for C shy LOscee Cc Boye Oi eth e one 


27°46 4 


OF1LS2 25. SOc, 


Found 16692 20re ie. 94, 


Oho 4 7 ee 


eae rOopy l-Throl Ester ot -Cholic Acid 


mp: 146-148° 

22 (CHC13) : 36 1075:73300=35007, 8680 

pmr (CDC1.,): Ge Viel ey I = 7 ee Oat, ee aoe 
205 BCC) ee) 615 iesH)y, pole (Sy mrol ty woe se 
(s, 3H) 


mass spectrum: 466 (P) 


elemental analysis: calcd FOR sGa Hie Or io ts COO eo Oe et eo oS 


26°44 °4 


OPIS 27a SOO, 


sHeybreVoln, “1G 25 Sh act ish belie 


Oy Mer eye Ths tn 


S-tert-Butyl 12-Hydroxyoctadecanethioate 


mp: 39-40° 

nico (ferent) Gn Sela ahr 

pmr (CDC1,): 1 6.4 (bs, 1H), 7.6 (t, J = 7, 2H), 8.2-8.8 
(88H) Geos, 09H)s B27 (bs) nno. ety ce 
3H) 


mass spectrum: calcd for C1 gH3592 [P-SC (CH,) 3]: 


m/e = 283.26370 
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measured: m/e'=.283720252 


Sr cel t-butyl thiol mster of N-Carbobenzy loxy-L-Proiine 
eee en ee a = OS a ae ete nk eee et 


bp: Prepared by tlc 

ee (CHC1,): Ae OD 6:80 

pmr (CDC1,): (i SUOMI NH Ss) (ey A) eS ie eh 
eee bul ash ae (Pay Sierts Ss Gus) pee (So. 2a) 


mass spectrum: calcd for Cc H, 3NO =e5: m/e '=9320,, 13966 


3 
measured: (m/e = 321-13902 


17 


elemental analysis: calcd for C) 7H, 3NO0,8: CEGSe oir Hiei .cle, 


LOuUNGs | C3055, 8 od a2, 


Do 2- TOpyl Tho) ESter son N-Carbobenzyloxy Eo eroline 
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The following two experimental procedures are rep 
resentative of the methods used for the reductions summa- 
Pieeain Tables 11 and, 13 and 14, respectively. Refer- 
ences for the preparation of non-commercially available 


substrates are indicated in the above tables. 


Reduction of 1-Bromononane with the Dihydrocuprate 
ee ee eee ee ee eee 


The procedure reported by Brown et Soe was used 
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to prepare lithium trimethoxyaluminum hydride. Copper (I) 
iodide was purified according to the method of Kaufmann 
and Teter, 1°8 and is described in’ Part © of this thesis. 

Anhydrous methanol (6.63 ml, 5.25 g, 163.5 mM) was 
added dropwise with vigorous stirring to a cold (0°} 
tetrahydrofuran solution (109M 20 mb, 4. 5) mM rot. leo 
aluminum hydride over 30 min. After the addition was completed, 
the Clear colourless Solution was stirred a further 20 min 
teat ate 

The freshly prepared LTMA solution was added dropwise 
to an ice-cooled slurry of purified copper(I) iodide 
(558 «g7) 27.2 mM)! inw~anhydrous tetrahydroruran) (l0lm1)= 
With the first few drops of the hydride solution, the suspension 
became gelatinous and sufficient tetrahydrofuran (5-10 ml) 
was added to facilitate stirring. This sequence was continued 
until all of the hydride solution had been added; the addition 
takes approximately 30 min. It was necessary to adda 
total of 150ml ‘of tetrahydroturan.. After the addition 
was completed, the resulting brown mixture was stirred 30 
min at 0°, and then 1l-bromononane (6.54 g, 27.2 mM) was 
added all at once. After 15 min the cooling bath was re- 
moved, and the mixture vigorously stirred for 2 hr at room 
temperature. On several occasions a gel formed and enough 
tetrahydrofuran was added to allow efficent Sidra). 
Methanol (20 ml) was added slowly, the mixture diluted 
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vent was evaporated and the residue dissolved in ether 
(250 ml) and washed with aqueous saturated ammonium 
chloride (3 x25 ml)... The organic phase was.dried (MgSO ,) 
and evaporated. The residue was distilled to SEVEH Se 209 


(95%) of pure nonane (bp 150-151°). 


Reduction of Octanol Tosylate with the Mixed Cuprate 


The Whiteside's procedures. = was used for the 


preparation of the copper(I) hydride complex. 

A benzene Solution (102M, 5 md, 6 mM) of diiso- 
butylaluminum hydride was added over 1-2 min to a cold 
(40) solution Of purified copper(!)) 16odice (isl Gg, 

6 mM) in anhydrous pyridine (10 ml). The resulting brown 
solution was immediately cooled to -50° and stirred vig- 
Srousily sfor 20 min.» [Cold (=70> )) ethews (20 ml) mwas eadded 
to precipitate the copper(I) hydride. The slurry was 
compacted byjicentrifugation at —/0°, and the Supernatant 
liquid was removed by syringe. The copper(I) hydride 
complex was washed in this manner with cold ether (3 x 

20 ml) to give a medium brown solid. 

The copper(I) hydride complex was slurried with cold 
ether (20 ml) and the suspension maintained at -40°. With 
vigorous stirring a hexane solution (QexG My as 7 Seem oe 0 
mM) of butyllithium was added over 5 min. The resulting 


dark brown solution (reagent partially insoluble) was 
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stirred for 10 min before octanol tosylate (427 mg, 1.5 mM) 
was added. The cooling bath was removed and stirring was 
continued for 2.5 hr at room temperature. The reaction 
was poured into aqueous saturated ammonium chloride (10 ml) 
the ether layer decanted and the aqueous phase extracted 
with ether (2 x 25 ml). The ether was dried (MgSO ,) and 
evaporated. The residue was molecularly distilled to give 
137 mg (80%) of colourless octane. 

The same procedure was applied to the reduction of 
the enones in Table 14 except that the reaction tempera- 


ture waS maintained at -40°. 
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